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Kanarr, Allison Christine (Ph.D., Chemistry) 
Excited-State Photodynamic Studies of Conjugated Molecular Systems for Enhanced Organic 
Photovoltaics 
Thesis directed by Jao van de Lagemaat 
   
Model conjugated organic semiconductors such as pentacene and thiophene-based 
dendrimers have photophysical properties that could potentially improve the performance of 
organic photovoltaic devices.  Spectroscopic and time-resolved measurements of these materials 
are used to create kinetic schemes of their excited states.  This thesis first presents time-resolved 
spectra of pentacene on nanostructured films.  The excited states of pentacene on these films are 
found to exhibit an enhanced absorption of visible light due to surface plasmon interactions.  
Furthermore, the triplet state kinetics are altered in the presence of a surface plasmon active 
layer, and a strong increase in the yield of triplets is observed. These results indicate that surface 
plasmon coupling can be used to direct the excited state of such molecular systems to a desired 
outcome and that potentially such control can be used to improve the efficiency of solar energy 
conversion.  
A detailed kinetics analysis is presented of the other conjugated system, thiophene-based 
dendrimers, first in the experimentally simpler solution form.  From femtosecond-resolution 
transient absorption data, we create a kinetic scheme that includes two cooling processes to 
convert the initially generated, hot singlet into the geometrically relaxed, first excited singlet.  
Subsequently, relaxation of this singlet occurs via one of three pathways:  radiative decay to 
yield the ground state, internal conversion to yield the ground state, or intersystem crossing to 
produce the triplet excited state.  Flash photolysis measurements allow the longer time delay 
iv 
 
necessary to study this long-lived triplet state.  The decay time of the triplet decreases with an 
increase in the arm length of the dendrimer. 
Finally, steady-state and time-resolved absorption measurements of dendrimer films are 
presented.  These studies follow from those of the dendrimers in solution and provide excited 
state kinetic information that is more relevant to the application of dendrimers in photovoltaic 
devices.  Steady-state absorption measurements show that spun cast and drop cast dendrimer 
films follow the same trend as the dendrimers in solution:  a red-shift of the absorption with 
increasing number of thiophene units.  Flash photolysis data reveal that the triplet is quenched by 
oxygen; films in an inert atmosphere have triplet lifetimes on the same order (tens of 
microseconds) as in solution.   
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CHAPTER 1 INTRODUCTION  
1.1. Introduction 
 Organic photovoltaics (OPV) are a possible low cost alternative to conventional 
photovoltaics.  However, the 8.3% efficiency of OPV is significantly lower than the 25% 
efficiency of traditional silicon devices.
1
 Exploiting molecular interactions and energetic and 
kinetic schemes in model organic semiconductors could potentially improve on the relatively 
limited OPV performance compared to other solar cells.  Specifically, two possible ways to 
improve light-harvesting performance are enhancing the absorption of light with surface 
plasmons2
,3 and extending the lifetime of the excited state.   
 Future organic photovoltaics could benefit from the long-lived excited state that is 
offered by triplet Frenkel excitons (electron-hole pairs that are electrostatically bound together in 
a single molecule), which generally are longer lived than singlets.
4-6
 Such long-lived excitons 
can be beneficial in producing photocurrent, since these lifetimes allow the necessary charge 
separation into electrons and holes before recombination of the excitons can occur. Normally, 
triplets are generated from singlet excitons by intersystem crossing. An alternative mechanism is 
singlet fission, a process that produces two triplets from a single singlet excitation.
7
 Such a 
doubling of the number of excitons per absorbed photon can theoretically result in large 
increases of solar cell efficiency with a theoretical maximum of ~46%, 14% higher than the 
Shockley-Queisser limit.
8
 Singlet fission was first observed in organic semiconductors in the 
1960s
9-13
, and more recently in pentacene.
14
 Recently, pentacene/C60 bilayers have been studied 
for their potential in exciton fission and charge generation; a strongly improved photocurrent was 
observed as a consequence of singlet fission.
15
  Triplets are also observed in thiophene-based 
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dendrimers,
16
 though the devices of these molecules do not have as high efficiencies as devices 
made of the dendrimers‘ polymeric counterparts.17-20  Since conjugated dendrimers have not 
matched the performance level of polymers, comprehensive studies of excited-state processes in 
the dendrimers are valuable to understanding the discrepancy between the dendrimer and the 
polymeric devices.
21
  
1.2.  Operating Principles of Organic Photovoltaics (OPV) 
Conjugated organic semiconductors are the light-absorbing component of organic 
photovoltaics.  When an organic semiconductor is photoexcited, excitons are formed.  Unlike in 
traditional inorganic semiconductors, excitons in organic semiconductors are stable at room 
temperature because of both the low dielectric constant of organics and, consequently, the strong 
electrostatic interaction between carriers of opposite charge. Therefore, an energy greater than 
the Coulombic binding energy between the charge carriers is required to create free electrons and 
holes.  The electron and hole can then flow to the electrodes to induce a current.  In organic 
photovoltaics, the necessary energy for exciton dissociation is provided by using a band offset at 
a donor/acceptor interface. Band offsets of around 0.8 eV are commonplace. This offset energy 
is lost to the solar cell and is generally thought to limit the efficiency of OPV.
22
 
Two distinct geometries of organic photovoltaics differ in the electron/donor interface.
23
  
The first, introduced in the 1980‘s, is a two-layer organic photovoltaic cell, with copper 
phthalocyanine (CuPc) as an electron donor and a perylene tetracarboxylic derivative (PV) as an 
electron acceptor (Figure 1.1).
24
 In this cell the electron donor and acceptor are stacked between 
two electrodes, and the dissociation of the exciton can occur at the interface of the electron donor 
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and the electron acceptor.  Only the light absorbed nearest the dissociation interface will become 
free carriers, because of a short exciton diffusion length that is of the order of 10 nm.
25
  
The second organic photovoltaic geometry is a bulk heterojunction device (Figure 1.2).
26
  
A bulk heterojunction utilizes intermixed domains of the electron donor and acceptor within the 
same active layer that form percolation paths to electron- and hole-collecting electrodes.  After 
the exciton reaches the domain interface, it separates into an electron and hole; these electrons 
and holes can then move to the contacts, generating current. The two domains are formed by 
mixing the electron donor and electron acceptor either in two immiscible solvents or through 
coevaporation.  This device structure has an advantage of providing a dissociation interface 
within the range of the exciton diffusion length, so that more carriers are formed in the 
heterojunction device than in the two-layer device.   
A disadvantage of bulk heterojunction devices is that charge carriers have to travel close 
to each other (albeit in separate phases) in winding pathways before being collected. In thick 
devices these pathways can lead to large losses due to charge recombination.  Therefore, the 
ultimate device efficiency is limited because of an upper limit posed on the layer thickness to 
counter charge recombination. The use of organic thin films with high absorption coefficients 
shortens the distance the separated electron and hole must travel to a contact. However, the 
absorption of OPV systems is generally very strong, with an attenuation constant of 50 nm,
27
 and 
yet their efficiencies are still less than 10%.
1
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Figure 1.1  Two-layer organic photovoltaic device made of copper phthalocyanine 
(CuPc) and a perylene tetracarboxylic derivative (PV).   It is planar in geometry, created from 
depositing distinct layers of small organic molecules. Green arrows indicate the direction of 
incident light.    
 
 
 
 
Figure 1.2  A heterojunction organic photovoltaic device with an active layer made of 
two distinct domains of electron donor and electron acceptor.  The mixing of these two domains 
within the device decreases the length an exciton must diffuse to reach a dissociation interface.  
Green arrows indicate the direction of incident light which travels through the glass, ITO 
(indium tin oxide) a transparent electrode, PEDOT:PSS (a copolymer blend) then the active 
layer.  A calcium/aluminum layer is deposited on the top surface. 
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Aside from increasing the efficiency with bulk heterojunctions, which shorten the 
distance an exciton must travel, a higher efficiency could be gained from the absorption of more 
light without adding any additional thickness. One way this can be accomplished is through the 
use of surface plasmons. 
28-30
 Surface plasmons are collective oscillations of conduction 
electrons that are often present at metal interfaces and that, due to their peculiar nature, are able 
to concentrate light near the metal surface.
31
 Nanostructured metals, which have tunable plasmon 
resonances and provide for very strong light concentration, have been used in solar cells and 
have indeed been shown to enhance solar cell efficiency.
3,30,32-34
  
1.3. Triplet Excited States 
1.3.1. Basic Principles 
A singlet is an energy state of a molecule in which there are no unpaired electrons (Figure 
1.3). The ground state is a singlet in pentacene and in the dendrimers that I will analyze further in 
this thesis.  A triplet state is one in which there are two unpaired electrons of parallel spin.  Both 
molecular systems in this work have triplet excited states.  When a molecule is photoexcited, the 
spins remain the same because a photon does not affect the spin directly.
35
 Therefore, a 
photoexcitation of a ground state singlet results in an excited singlet state.  This excited singlet 
state can decay into an excited triplet state of lower energy due to spin-orbit coupling, even 
though the transition is spin forbidden.  This intersystem crossing has a decay time on the order 
of nanoseconds in the dendrimer system.  Likewise, decay from an excited triplet to the singlet 
ground state is spin forbidden, but the transition does occur due to intra or intermolecular 
interactions.  However, the decay time of this spin-forbidden triplet decay to the singlet ground 
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state is much slower (on the order of tens of microseconds) than that of spin-allowed transitions, 
which are five orders of magnitude faster.
16
 
 
 
Figure 1.3 Schematic diagram (left to right) of a ground state singlet showing electrons 
with paired antiparallel spins, an excited state singlet with antiparallel spins, and an excited 
triplet state with two electrons of the same spin. 
 
A triplet state is a long-lived excited state due to a spin-forbidden transition to the ground 
state.  Triplets are formed primarily through intersystem crossing from an excited singlet state, 
though other processes like singlet fission also produce triplet states.  The triplet energy 
decreases with increasing arm length in oligothiophenes, which are chains of two to seven 
thiophene rings. Phosphorescence, radiative decay of the triplet state, is absent in 
oligothiophenes at room temperature in solution.  The phosphorescence with a lifetime on the 
order of seconds cannot compete with other decay mechanisms of the triplet including the triplet 
nonradiative decay and oxygen quenching.
36
 
1.3.2.  Singlet Fission 
As mentioned above, singlet fission is a process in which two excited (triplet) states are 
created from a single electronic excitation.   The photophysics of singlet fission has been studied 
since the 1960s in molecules such as crystalline tetracene
13
 and anthracene
9-12
. Only recently, the 
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doubling of the number of excited electron-hole pairs was hypothesized to potentially increase 
the efficiency of a photovoltaic device; and currently many groups are researching the use of 
singlet fission in solar cell concepts. The mechanism for the singlet fission process is illustrated 
in Figure 1.4. First, a molecule is excited from the ground singlet state, S0, to the first excited 
singlet state, S1.  When the energy of the S1 state is approximately equal to two times the first 
triplet state, T1, as seen in Figure 1.4, the excited singlet can interact with another molecule that 
is in the ground state to form a correlated triplet pair, 
1
(TT) Scheme 1.1.  This correlated 
transition state with two antiparallel triplet spins, hence an overall singlet character, is short 
lived, and two triplets are formed.
7
 
Two conditions must be met for singlet fission to occur.  First, the energy level of the 
triplet must be less than or equal (within kT) to one half of the excited state singlet energy.   Both 
experiment and theory show evidence of singlet fission in a select group of crystalline molecules 
including pentacene and tetracene.
7
  Theoretical calculations on pentacene have also indicated 
that the two triplet excitations can also be contained on the same molecule and can even be in the 
lowest energy configuration,
37
 but at the moment there is no experimental verification of this 
assertion.
7
  
The benefit of the two triplets formed through singlet fission is twofold.   First, two 
excited states are formed from a single excitation, which could potentially double the 
photocurrent.  Second, the triplet is a long-lived excited state, which results in a greater 
probability of it being separated into charge carriers before recombination. These benefits of 
singlet fission have been hypothesized to potentially increase the efficiency over traditional 
devices.
38
  The theoretical maximum possible efficiency of a singlet fission cell is ∼46%,39 
which is significantly higher than the ~32% efficiency of a Shockley-Queisser limited cell.
40
  
8 
 
 
 
 
 
Figure 1.4 Singlet fission: (1) The chromophore on the left undergoes an initial 
excitation to S1.  (2) The excited chromophore shares its energy with the chromophore on the 
right, creating a T1 state on each.
7
 
 
 
 
 
Scheme 1.1 Two singlet states, S0 and S1, form a correlated triplet pair with the reversible rate constant 
k-2.  The triplet pair separates via k-1 to form two triplets which no longer have a correlation of their spin.
7
 
 
9 
 
1.4. Surface Plasmons 
As mentioned, another way to increase photovoltaic efficiency is to increase the 
absorption of light.  Enhanced light absorption has been demonstrated exploiting the strong 
electromagnetic waves associated with surface plasmons.
41
  Surface plasmons are 
electromagnetic surface waves traveling through the collective motion of electrons at the 
interface between certain metals and a dielectric.
42
  Coupling of the light to the metal requires 
aligning the wavevector of the light and that of the surface plasmon. This coupling can be 
achieved by nanostructured metal films, thin island metal films, or by using a grating or prism. 
In the interaction of surface plasmons with a conductor‘s free electrons, these electrons 
respond to light waves by collectively oscillating in resonance.
31
  These oscillations enhance the 
local electric field at the metal dielectric interface (shown in Figure 1.5), as well as the surface 
charge.  The combined characteristics of the electromagnetic waves and surface charge, lead to 
the field component perpendicular to the surface being enhanced near the surface and decaying 
exponentially with distance away from it.
31
   
Apart from their well-known field enhancement effects, surface plasmons can also 
strongly couple to molecular excitons and form hybrid states called surface plasmon polaritons. 
Such states could be useful in photoconversion by directing excited-state dynamics to a desired 
outcome. Surface plasmons have also been observed to enhance long-range energy transfer,
43
 a 
process relevant in future OPV concepts .
44
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Figure 1.5 Surface plasmons at the interface between a metal and a dielectric material 
have a combined electromagnetic wave and surface charge character. Surface plasmons are 
transverse magnetic in character (in the y-direction), and the generation of surface charge 
requires an electric field normal to the surface. 
31
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 Many nanostructured metal architectures are capable of supporting surface plasmons 
(including the conceptually simpler continuous metal films or spherical nanoparticles). However, 
systems that are compatible with device frameworks for solar energy conversion, such as the 
nanohole films used in chapter 2 of this thesis,
32,45
 are particularly relevant, since they are 
capable of acting in multiple roles, e.g. conductor and light-harvesting component.  Regular 
nanohole arrays have recently been investigated theoretically and experimentally, with strong 
conclusions drawn that indicate the predominance of surface plasmons upon excitation with 
visible radiation.
46
 Surface plasmon active materials have been included in photovoltaic 
devices.
3,41,45
   The exceptional energy transfer properties of surface plasmons have been 
demonstrated in various systems involving rough metal films
3,31
 and seen in other similar 
nanostructured metal and organic systems.
47
 
1.5.  Molecular Systems Employed in this Thesis 
1.5.1.  Pentacene 
Pentacene is a conjugated molecule consisting of five fused benzene rings (Figure 1.6 ) 
The photophysical properties of pentacene have been extensively studied because of its use in 
molecular electronics and other applications such as OPV. Pentacene was chosen in the work 
described in this thesis because it is a model organic semiconductor with previous time-resolved 
transient absorption data
48
 and has been shown to form triplets through singlet fission.
7
   
 
Figure 1.6 Pentacene is a model molecule that exhibits singlet fission and surface 
plasmons when combined with nanohole films. 
12 
 
1.5.2.  Thiophene-based dendrimers 
Pentacene is a model molecule for studying the triplet-formation dynamics; however it is 
well-defined and unsubstituted.  Manipulating molecular properties by changing the molecular 
structure to increase the yield of the long-lived triplet would be desirable.   Dendrimers are good 
candidates for this molecular manipulation due to their changeable molecular structure.  A 
dendrimer is a molecule with a central core and arms, or dendrons, radiating out from the center 
(Figure 1.7).   The dendrimers are named systematically: the first number in the name is the 
number of arms.  The letter ‗G‘ is for generation, and following number describing the branching 
of the end of each arm (into that number plus one branches).  For example, Figure 1.7 shows 
three- and four- arm dendrimers with arms that split into 1+1=2 branches.  Following the dash, n 
is the number of repeat units along the arm consisting of ‗S‘ which stands for thiophene.  This 
results in molecules that have pi-systems that extend along the arms of the dendrimers and in 
some cases can even conjugate through the core depending on the position of substitution on the 
core benzene. As shown Figure 1.7, the end units on the dendrimer are substituted with alkyl 
groups in order to make the molecules soluble. 
Dendrimers, with minimal processing, are customizable in their optoelectronic properties 
by varying chain length, side groups, number of arms, and branching. This is beneficial for 
optimizing the molecular systems for a solar cell.  All of the dendrimers used in this study are 
first generation, with either three or four arm, and with between one and three additional repeat 
thiophene units on the arm.  The triplet state in these dendrimers may be beneficial to device 
performance, because it is long lived relative to an excited singlet state. Gaining insight into the 
excited state dynamics will help unlock the effect of triplets within a solar cell.  They are 
thiophene based, correlating to a polymer that is widely used in organic photovoltaics, 
13 
 
 
 
Figure 1.7 Chemical structures of the first generation phenyl-cored thiophene 
dendrimers used in this study: n denotes the number of bridging thiophene rings between the 
phenyl core and branching point of the dendron; n was varied from 1 to 3. 
14 
 
poly-3(hexylthiophene), P3HT.
17
   The four arm-dendrimers preserve the conjugation through 
the phenyl core, while in the three arm dendrimers, the chromophore only extends through one 
arm.  The steady-state absorption spectra of the six dendrimers studied (Figure 1.8) show a 
redshift with increasing thiophene units in the dendrimer arm.  This trend is consistent with what 
one expects for a conjugated pi system that is increased in length, and the peak shift is 
independent of the number of arms. 
 The triplet state in these thiophene-based dendrimers extends through the core differently 
depending on the arm position on the central core.  In the three-arm dendrimer, there is no 
conjugation through the core, which restricts the size of the triplet to only one arm of the 
dendrimer.  In the four-arm dendrimer, the conjugation through para and ortho arms allows the 
triplet excitation to continue through the core.  Both the para and ortho configurations are 
possible, but the steric hindrance of the adjacent (ortho) arms makes this extended triplet 
unlikely.  The triplet extension through the para arms through conjugation allows the formal 
charges to be on sulfur atoms of the thiophene rings (Figure 1.9). 
In order to understand the photophysics of these dendrimers, we first studied them in 
solution, to simplify the experiments and the interpretation before moving to the solid state. 
Understanding the solid state is more useful in terms of the practical applications.  However, 
solid-state samples are more challenging to look at experimentally with added complexities of 
scattering from the sample, the addition of molecular interactions, the reproducibility of the 
surface of the film, and how the techniques of making the film affect the surface chemistry.  
Nevertheless, studies of dendrimer films are integral in mapping out excited state kinetic 
schemes in solar cells. 
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Figure 1.8 Steady-state absorption spectra of the three-arm series (top) of thiophene 
dendrimers: 3G1-1S (red), 3G1-2S (green), and 3G1-3S (blue); and of the four-arm series 
(bottom): 4G1-1S (red), 4G1-2S (green), and 4G1-3S (blue.) As the thiophene chain length 
increases, the peak absorption shifts to the red.
49
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Figure 1.9 Conjugation through the core of a four-arm dendrimer with one thiophene 
unit between the phenyl core and the branching point (4G1-1S).  The ground state molecule is on 
the top with arrows showing the resonance of the conjugation through the center and extending 
through arms in the para position. R1 represents a whole arm of the dendrimer, R2 is an arm 
minus a thiophene unit, and R3 is the branch at the end of the arm, which is a thiophene ring 
with a phenyl group substitution. An excited state resonance is shown at bottom.  
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1.6. Thesis Overview 
This thesis will cover the excited-state photodynamic studies of pentacene and thiophene-
based dendrimers, both of which are relevant to organic photovoltaic systems.  The second 
chapter focuses on pentacene and its photodynamics on various substrates including 
nanostructured silver films.  Pentacene on active silver nanohole films produces enhanced 
excited-state absorption.  The triplet formation and decay dynamics are studied and are altered 
when the surface plasmon couples to the excited state illustrating a potential method of excited 
state control.  The third chapter describes a study of the photodynamics of six thiophene-based 
dendrimers in solution.  Ultrafast processes are analyzed, including cooling processes from the 
initial excited state, and triplet dynamics. Triplet yields, intersystem crossing rates, and 
nonradiative triplet decay times are compared among the six dendrimers, and the results meet 
expectations from ground work laid out by the oligothiophenes.  The fourth chapter shows more 
recent work on films of the thiophene-based dendrimers, including triplet decays.  
1.7. Conclusion 
This thesis presents a study of the excited-state dynamics in model organic 
semiconductor systems with a focus on the triplet states.  My research is the first to use time-
resolved spectroscopy to study pentacene on silver nanohole films and thiophene-based 
dendrimers to create kinetic schemes of their excited states. Triplet states could potentially 
improve the performance of organic photovoltaic devices due to their long lifetimes.  The triplet 
lifetime of pentacene is 40s,50 and the triplet lifetimes of the dendrimers range from 20 to 
45s.16  The excited states of pentacene on these films are found to exhibit an enhanced 
absorption of visible light due to surface plasmon interactions.  Furthermore, the triplet state 
18 
 
kinetics are altered in the presence of a surface plasmon active layer; these alterations could be 
used to optimize the absorption to improve the efficiency of a photovoltaic device.  
The detailed kinetic analysis of the dendrimers in solution shows there are multiple 
excited singlet states in the system and that the decay time of the triplet decreases with increasing 
arm length. The quantum yield of the triplets varies from 0.07 to 0.2, depending on the structure. 
Since the photochemical properties are dependent on structure, the triplet kinetics could be 
optimized by small changes in the structure.  Spectroscopic measurements of the dendrimer films 
follow from the dendrimers in solution to provide excited state kinetic information that is more 
relevant to the application of dendrimers in photovoltaic devices.   
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CHAPTER 2 THE ULTRAFAST PHOTOPHYSICS OF PENTACENE 
COUPLED TO SURFACE PLASMON ACTIVE NANOHOLE FILMS 
 
Pentacene, a model organic semiconductor, is shown to couple with surface plasmon (SP) 
active silver nanohole films to produce enhanced excited-state absorption. In addition, the 
dynamics of triplet formation and decay on a subpicosecond time scale are altered due to the 
coupling of the excited state with the resonant SP, possibly involving the interplay between 
singlet fission and its kinetically reversed counterpart, triplet-triplet annihilation. Shifting the 
resonance of the SP with respect to the pentacene excitations and introducing a dielectric spacer 
between pentacene and metal lead to changes in the spectra and dynamics that can be explained 
qualitatively.
1
 These results are compared with recent literature reports of molecule/plasmon 
hybridization and are placed in context with efforts to utilize SPs for solar energy conversion. 
 
2.1.  Introduction 
Surface plasmons (SP), described in the introduction chapter (section 1.4)  in 
nanostructured metals can influence a variety of photophysical processes involving molecular 
species, including surface enhanced Raman scattering (SERS),2enhanced absorption3 and 
fluorescence4 intensities, and photochemical processes.5  The nature of the enhancement is 
thought to arise from the intense electromagnetic field that can be generated at photoexcited 
metal surfaces.  Due to the large magnitude of the plasmonic enhancement, the use of SPs in a 
variety of fields has been proposed and, in some cases, demonstrated.6
,7  Although there are 
many nanostructured metal architectures capable of supporting SPs (including the conceptually 
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simpler continuous metal films or spherical nanoparticles), systems that are compatible with 
device frameworks for solar energy conversion, such as the nanohole films described here,8
,9 are 
particularly relevant, as they are capable of acting in multiple roles, e.g. conductor and light-
harvesting component.  Regular nanohole arrays have been recently investigated theoretically 
and experimentally, with strong conclusions drawn that indicate the predominance of SPs upon 
excitation with visible radiation.10  
Radiationless transitions dominate the excited-state dynamics of many relevant organic 
systems useful in photoconversion, including polymers, organometallic chromophores, and 
crystalline molecular semiconductors.11 Localized singlet excitations in these systems can 
undergo radiationless transitions involving charge transfer, electronic delocalization, intersystem 
crossing, or internal conversion. Careful control over energy level distributions in molecular 
systems to alter coupling between excited states is advantageous since it can result in the desired 
product branching ratios.  For light-harvesting applications, these desired products are usually 
long-lived, highly mobile excitons or charge carriers, including multiply excited states12  and 
triplets.13  Influence over the yields of excited-state processes can be exerted by manipulating the 
rate at which one such transition occurs with respect to all other relevant rates via molecular 
engineering or doping (e.g., with heavy atoms in polymers)14
,15 although doing so is often 
detrimental to other properties that make materials amenable to practical use.   
The notion that SPs can influence radiationless transitions via an extrinsic (i.e., 
nonchemical) mechanism has been recently discussed. Recent work by Neretina et al.
16
 suggests 
several mechanisms for altering nonradiative decay routes in semiconductor nanocrystals, 
including redistribution of excited electron densities via the Stark effect.  A recent report by 
Wiederrecht et al.
17
 describes the observation of photoexcited excitons in J-aggregates on a thin 
23 
 
metal film that experience a SP-controlled ―gate‖ arising only out of a strict resonant coupling 
between the angle-tuned SP and a particular excited state. Although this is an intriguing result, 
there are some unexplained spectral features and experimental peculiarities that leave room for 
interpretation. The transient signal may be enhanced at the spectral position corresponding to the 
attenuated total reflection angle because most other collected probe radiation does not strongly 
interact with the pumped region. In addition, the temporal position of the ―gate‖ (which is also 
the probe) is delayed to arrive at much later times than the pump and therefore cannot be 
expected to dictate kinetics that were instigated at earlier times. Enhanced extinction is also 
likely to play a role in the observations, but this would be difficult to unravel from altered yields 
given the experimental complexities. Exploration of these issues in similar systems may provide 
further clues about the true effects of SPs on excited electronic states.  
In some cases, including those mentioned above, it may be appropriate to consider using 
SPs to alter the rates of incoherent molecular excited-state processes that can be described with 
conventional kinetic formalisms including thermalized excited states and well-defined initial and 
final densities of states. A change in the true rate of a process (not simply a change in signal 
intensity) as a function of SP coupling would constitute evidence for a modified branching of 
excited-state pathways. Processes involving multiple excited states that occur on a very fast time 
scale, possibly faster than thermalization, can occur coherently, and analysis of the outcomes 
might yield different results. Under such circumstances the formation of a superposition and 
coherent population transfer must be considered in concert with a realistic mechanism for 
dephasing between contributing states. There has been increased recent interest in excited-state 
evolution that can occur coherently
18-20
  because such processes can occur without the loss of 
information about the initially excited state and may effectively ―sample‖ many possible energy 
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transfer pathways before irreversibility dominates and the kinetic regime is reached. In principle, 
control over these processes can be achieved by coupling the intense electromagnetic field 
generated by SPs to molecular species, either to directly alter electronic state energies or to 
influence exciton/bath coupling.  
Pentacene has not previously been the subject of studies involving exciton/SP coupling, 
although other photophysical properties have been extensively investigated for many years.
21
  
The kinetics of singlet and triplet formation on an ultrafast time scale in pentacene thin films 
have been recently reported,
22,23
 but firm conclusions about the detailed dynamical picture 
remain elusive, partially due to polymorphism
24
and very fast initial kinetics.  An interesting 
feature of pentacene is that it may exhibit singlet fission (SF),
25
 a process involving the splitting 
of one singlet exciton into two triplets. SF was extensively studied in crystalline tetracene and 
anthracene beginning more than 40 years ago,
26,27
 with considerably less attention paid to SF in 
pentacene. The SF ―reaction‖ is thought to involve the transformation of an extended singlet 
state (i.e., at least partial extension over two or more molecular units) into a ―double-triplet‖ state 
that initially retains its singlet character, which in turn may revert to the single excitation 
component quickly and coherently under reasonably strong coupling conditions.
28
 A fully 
thermalized doubly excited-state may be thermodynamically inhibited from reverting to the 
singlet exciton, destroying the initial reversibility and leaving a large population of stable 
triplets. 
Future organic photovoltaics could benefit from the long-lived excited state of triplets 
formed by singlet fission.  Recently, triplet excitons in pentacene/C60 bilayers have been studied 
for exciton fission and charge generation. 
29
   A pentacene/C60 bilayer has increased 
photoconversion efficiency due to the quantum efficiency approaching unity.
30,31
  Triplets are 
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long lived because of the spin-forbidden transition to the ground state; this long lifetime can 
potentially give triplets a statistical advantage over singlet excitons in diffusing to donors at a 
heterojunction as used in photovoltaics based on organic absorbers.  No major decay channel 
from the triplet state is available because of the absence of triplet-triplet annihilation
29
, the 
energetically unfavorable recombination of two triplets to a singlet state.  
Another intriguing aspect of pentacene is that the notion of Frenkel exciton-dominated 
excitations has been seriously called into question.
32
 For efficient SF and efficient charge 
separation, extended states (including charge-separated states) are likely to play a critical role. In 
this chapter we utilize the influence of SP active films on pentacene as a platform for 
understanding the nature of pentacene excitations and investigate the possibility of controlling 
excited-state dynamics by tuning the strength of molecule/SP interactions.  
2.2. Experimental Methods 
The nanohole silver films (AgNH) were prepared according to published methods.
9,33,34
  
To summarize, microscope glass was cleaned successively using LiquiNox soap and a sponge, 
sonicated in acetone for 5 min, sonicated in ethanol for 5 min, dried under a nitrogen stream, and 
plasma cleaned for 5 min in a 0.7 Torr oxygen plasma at 155 W power. The sacrificial 
nanosphere mask was prepared by dipping cleaned glass slides in a poly(diallyldimethyl 
ammonium chloride) solution (2% in deionized water, Aldrich) for 30 s, rinsing in 18 MΩ  
water, drying under a nitrogen stream, dipping in a sodium polystyrenesulfonate solution (2% in 
DI water, Aldrich) for 30 s, rinsing in 18 MΩ water, drying under nitrogen, dipping in an 
aluminum chlorohydrol solution (5% in DI water, Spectrum) for 30 s, rinsing in DI water, and 
drying under a nitrogen stream. A 0.3 mL aliquot of a 0.1 wt % latex sphere suspension (100 nm 
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diameter, sulfate modified, Invitrogen) was then drop cast on the treated glass surface and 
allowed to assemble in a covered Petri dish for 30 min. The glass substrate was rinsed with 18 
MΩ water and immersed in boiling water for 60 s, transferred to a beaker of cold water for 15 s, 
and finally carefully, to avoid disturbing the latex spheres, blown dry with nitrogen until no 
droplets of water remained on the surface of the disordered nanosphere mask. The 30 nm silver 
film (Cerac 99.999% pure) was evaporated on the nanosphere film at a rate of 1 Å /s at a pressure 
of 1x10
-7 
Torr. To develop the nanohole pattern, the latex spheres were removed by sonicating 
the glass substrates in ethanol using a Perkin-Elmer sonicator for approximately 30 s, resulting in 
liftoff of the silver deposited over the nanospheres.  
Absorbance measurements were performed using a Shimadzu 3600 UV-Vis-NIR 
spectrometer with an integrating sphere attachment. Including reflection measurements serves a 
similar purpose so that a simple change in reflectivity among samples, such as incorporating a 
silver film between layers, does not skew the measurement of what light was truly absorbed. 
Transmission and reflection were measured by exciting through the microscope slide first. One 
must be consistent with the light path to properly measure the absorbance in the multilayered 
samples. The ―glass-first‖ excitation condition was chosen so as not to overstate an increase in 
absorbance that would solely be due a double reflection absorbance enhancement off the silver 
samples.   Two different spacers poly(3,4-ethylenedioxythiophene) (PEDOT) and Diphenylsilane 
(DPS) were placed in between the silver nanohole film and pentacene  
Transient absorption on the ns to ms time scale (commonly referred to as flash 
photolysis), was performed using an Edinburgh Instruments LP920 flash photolysis system.  
Pentacene was dissolved in 1,2,3-trichlorobenzene (TCB). Pentacene is sparingly soluble in most 
solvents, although solutions approaching micromolar concentrations were obtainable in TCB. A 
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1 cm path length cuvette was used to optimize optical density vs. signal with the flash photolysis 
system. The excitation was provided by a Nd:YAG pumped optical parametric oscillator (OPO), 
tuned to near 570 nm (the peak of the absorption). The probe, provided by a pulsed Xe arc lamp, 
entered the sample at 90 degrees to the pump. The transmitted probe light was monochromatized 
and detected by a photomultiplier tube. This signal was observed on a digitizing oscilloscope and 
processed using the Edinburgh Instruments software.  
Time-resolved spectroscopic experiments were performed using a tunable pump and a 
white-light continuum probe with an effective instrument response of approximately 100 fs. 
Autocorrelation of the NOPA beam typically gave FWHM pulse widths of 22-35 fs in the 
wavelength range 480-650 nm with time-bandwidth product values of approximately 0.6. The 
NOPA beam was modulated at 500 Hz and attenuated to give a pump fluence of approximately 
200 J/cm2 at the sample position. The probe beam consisted of a white-light continuum 
generated by focusing 1J of the 775 nm fundamental beam into a 2 mm sapphire plate, 
providing a nearly flat spectral profile from 490 to 730 nm. Spectral regions from 450 to 490 nm 
and 730 to 800 nm were also used, albeit with considerably lower signal-to-noise ratios due to 
either low light intensity or fluctuating spectra. The probe was split into two parallel beams, the 
probe and the reference, that were focused onto the sample at approximately one-half the pump 
spot size and 5 mm apart. The pump beam was aligned to excite the area of only one of the probe 
beams, while both beams were directed through a monochromator and focused onto separate 
elements in a Si diode balanced receiver (New Focus, 2307). Before the sample, portion of the 
reference beam was split and directed onto another Si diode to provide normalization of probe 
transmittance. The signals from the two detectors were routed into separate boxcar integrators, 
division of the signal and reference was performed, and the resultant ratio was routed to a lock-in 
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amplifier. The 500 Hz component of the normalized signal was collected at each time-
wavelength point. The monochromator wavelength was scanned in concert with the time delay to 
produce chirp free transient spectra with maximum delays of 4 ns. All samples were excited at 
540 nm unless otherwise noted. Films were kept in an evacuated chamber held at temperatures 
from 15- 300 K with a closed loop He cryostat during the optical experiments. Spectrotemporal 
data were analyzed using a customized global fitting program. Further details about the fitting 
can be found in the Discussion Section.   
2.3. Results 
2.3.1. Steady-State Properties 
The data in Figure 2.1 suggest that the dielectric spacers used here have little or no effect 
on the extinction of pentacene with no metal present. Characterization of representative films by 
atomic force microscopy 
35
 confirms that the films (except for PEDOT, discussed below) have 
similar grain size and orientation, with roughly 100 nm full thickness.  Differences in absorbance 
were observed among the various films (with and without spacer) deposited on the metal 
substrates, which is at least partially due to the varying dielectric environment producing a shift 
of the SP resonance. Davydov splitting can be seen in the pair of highest wavelength peaks. The 
intensity of the two peaks are not significantly different indicating there is no significant change 
in the crystal structure of pentacene in the various films, consistent with the AFM results. The 
film with PEDOT has the largest change relative to the other films, which is likely due to the 
polarity of the surface causing a small change in the crystal orientation of the pentacene 
nanocrystalline domains.  Altered absorbance of the pentacene due to resonance coupling with  
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Figure 2.1  UV-Vis absorbance for pentacene on two different spacers PEDOT (black) 
and DPS (blue), have the same absorption as pentacene alone (red). Pentacene on the silver 100 
nm nanohole film (purple) and pentacene on a spacer [PEDOT (orange) and DPS (teal)] on the 
nanohole film show enhanced absorption, an increase over the sum of the silver film alone 
(green) respective films without the nanohole film layer.  Each of these films are on a base glass 
substrate. 
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the SP is also possible. However, an accurate estimate of enhanced absorbance proved difficult 
to determine for our relatively thick samples and in general requires highly specific experimental 
conditions and detailed modeling to account for all optical effects, which is beyond the scope of 
this thesis.
8
  However, qualitatively it does appear that absorption of very thin pentacene films (< 
10 nm thickness) is weakly enhanced in the presence of the SP-active substrates. 
2.3.2. Measurement of absorption of thin pentacene layers on silver nanohole 
films 
Very thin pentacene films (< 10 nm thickness) were fabricated in order to test the 
possibility that enhanced absorbance of the lowest allowed transitions could be observed in the 
steady state.  Figure 2.2 shows the data for the thin pentacene layers on various substrates. These 
measurements were performed in the same fashion as those described in Section 2.3.1 but using 
an Ocean Optics fiber optic spectrometer fed in to a nitrogen purged glove box.  Note the 
residual spectrum, ‗ bsorbance residual,‘ calculated by subtracting the absorbance spectrum of 
the pentacene layer on glass from the absorbance of the pentacene layer on 100 nm diameter 
nanohole film. The large shift of the plasmon resonance from 480 nm to 550 nm is due to the 
change in dielectric environment (air to pentacene). The residual small peaks still present after 
subtracting the pentacene can be attributed to a small increase in the pentacene absorbance due to 
surface-plasmon enhancement. Also of note is the comparison between the pentacene on glass 
(green) to the pentacene on silver reference (also on glass) (gray) which illustrates how 
excitation through the glass side of these samples first avoids artificially enhanced absorbance 
due to simple reflection effects. Since much of the incident light is reflected due to the 
unpatterned silver film layer prior to the pentacene layer, absorbance in the pentacene layer is 
reduced. 
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Figure 2.2 Absorbance measurements performed on thin (~8 nm) pentacene films on 
various under layers including 100 nm nanoholes (blue), on silver reference with no nanoholes 
(silver), and only pentacene (green).  The silver nanohole film alone (red) and the reference 
silver (the silver film with no nanoholes) (black) are shown for comparison.  The absorbance 
residual (purple) shows the absorbance enhancement, it is the subtraction of the pentacene 
absorbance (green) from the pentacene on the nanohole film (blue).  Each of these films is on a 
glass substrate.  The shift in the plasmon resonance from the nanohole film at 480 nm to 550 nm 
with the pentacene is due to the change in the dielectric air vs. pentacene.    
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2.3.3. Flash Photolysis on Pentacene in Solution 
Flash photolysis data OD signal vs. probe wavelength of the pentacene solution is 
shown in Figure 2.3(a). Clear vibronic features are observed, consistent with the T-T excited 
state absorption. No bleach features are observed, indicating both the large relative strength of 
the T-T absorption with respect to the ground state bleach and the large triplet quantum yield. A 
somewhat broadened and red-shifted T-T spectrum is expected for pentacene thin films as 
depicted in Figure 2.4. The decay kinetics of the triplet are shown in Figure 2.3(b), where it can 
be seen that the decay is monoexponential with a 41 s time constant. 
2.3.4. Time-Resolved Absorption 
Transient absorption (TA) spectra of pentacene on glass (no spacer or metal) are shown 
in Figure 2.4a. Unlike Marciniak et al.,
20
 we observe no strong polarization dependence of the 
TA signal, indicating that there is little or no net orientation of molecules along a particular axis. 
Pump and probe polarizations were thus kept perpendicular to reduce coherent artifacts and 
pump scatter. The pump fluence was kept low to avoid density-dependent annihilation events 
and damage to nanohole substrates. A series of bleach features was observed, which had peak 
positions that roughly matched the peaks observed in steady-state absorption. Several excited 
state absorption (ESA) features were also observed overlapping with the bleach, including a 
broad feature extending to longer wavelengthsa ( >700nm). The ps-ns kinetics of singlet and 
triplet excitons are shown in Figure 2.4b. The bleach decay is highly multiexponential, losing 
nearly 75% of its strength within 250 ps. The ESA feature at > 700nm initially decays along 
with the bleach, leaving almost no intensity after t = 1ns. The ESA band near 610 nm displays 
minimal decay in the 4 ns time window.  
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Figure 2.3 Flash photolysis of pentacene in 1,2,3-trichlorobenzene data (a) intensity vs. 
probe wavelength showing the triplet spectra at various time delays.  (b) a decay trace of the 
triplet is exponentially fit with a 41s decay time. 
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Figure 2.4(a) Transient absorption spectra at various time delays for pentacene on 
glass.  The steady-state absorption (dotted line) is shown for comparison.  (b) Kinetic traces at 
selected probe wavelengths. 
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Detailed time-resolved spectral data in a narrow time window for pentacene with and 
without metal are displayed in Figure 2.5. The most salient feature of the pentacene/AgNH TA 
spectra is the strong enhancement in ESA at < 650nm. The presence of a spacer clearly alters 
the intensity and spectral distribution of enhanced ESA. The largest enhancement is observed for 
the film with no spacer, yielding an ESA feature at 610 nm that is approximately 10 times larger 
than that observed with pentacene on bare glass when compared with the amplitude of the 
bleach. A strong ESA feature is also observed at approximately = 550nm  for each film with 
the Ag support, being largest for the pentacene directly on Ag, and this band has an apparent 
shift to higher energies with increasing dielectric constant. Several preparations of films with  
spacers, with slightly different thicknesses of the various layers, produced minor variations in the 
relative amplitudes of the ESA peaks. The exact set of experimental parameters that causes these 
changes is under investigation, including the possibility of trace contamination, altered 
crystallinity, or oxidation of Ag films.   
2.3.5. Transient absorption on bare silver nanohole films 
The bare silver nanohole films exhibited a weak transient absorption/bleaching signal 
when pumped at 540 nm.  In order to characterize the transient response of the underlying 
support layers, transient absorption measurements under identical conditions were performed for 
films with and without pentacene. The signal for bare AgNH films was approximately one order 
of magnitude lower and was expected to fall by an additional factor of two for AgNH films with 
pentacene due to the absorption of pump intensity by pentacene layers. A bleach feature was 
observed at the edge of our probe range, λ < 500 nm.   broad photoinduced absorption was  
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Figure 2.5(a) TA spectra at early delay times for a pentacene film with the specified 
underlying material. Ag indicates 100 nm nanohole film. PEDOT and DPS are spacer layers in 
between the silver and pentacene.  Spectra are normalized to the bleach peak at approximately 
670 nm and 100 fs. (b) Kinetic traces according to arrows in (a). Traces for 3 are offset for 
clarity 
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present for the entire spectrum from 500 nm to 800 nm, which was primarily featureless except 
for a broad peak near 530 nm.  
The bare AgNH films exhibit multiexponential kinetics, including a subpicosecond 
decay, a several picosecond decay, and a much longer 20-50 ps decay.  The dynamics of 
photoexcited surface plasmons have been discussed in detail in the literature,
36
 and future work 
in our laboratory will be aimed at understanding the dynamics in the AgNH films with respect to 
other nanostructures previously studied. However, because of the relatively small amplitude of 
the transient response for AgNH films, it is clear that a simple addition of pentacene and AgNH 
effects in the absence of coupling cannot explain our observations on coupled pentacene/AgNH 
films. 
A bleach is observed for < 510nm, with a broad, photoinduced absorption spreading 
across the rest of the visible spectrum. The nature of the transients for noble metal nanoparticles 
has been well-studied,
37
 and the correlation between the data observed here and behavior 
ascribed to SP-active nanoparticles is another strong indication that the nanohole films indeed 
support SPs. The signal from the Ag films is at least 1 order of magnitude weaker than the peak 
pentacene signal and can be neglected for its additive contribution, except possibly at < 520 
nm, where its strength may begin to rival that of the pentacene signal alone. It is also noteworthy 
that transient spectra were collected with pentacene deposited on gold nanohole films (data not 
shown); however, the signal from the gold itself was similar in magnitude to that of pentacene in 
the relevant spectral range, complicating attempts to determine the magnitude of the exciton/SP 
coupling. 
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2.3.6. Global Analysis 
The ultrafast kinetics of all spectral features of pentacene films with or without spacer 
were very similar, regardless of the variation in the relative peak amplitudes. At least three 
exponential components (1 < 30 fs, 1 ≈ 150-200 fs, and (3  > 5 ps) were needed to properly fit 
the data.  The three-dimensional transient absorption data sets were analyzed using the global 
analysis routine, which was optimized by reducing the global chi-squared for the full data set 
using a standard Levenberg-Marquardt algorithm in Igor Pro 6 (Wavemetrics).  The two time 
constants as well as the width and position of the Gaussian were fitted for each data set.  The 
amplitude coefficients of the exponentials were extracted from the fit and plotted as a function of 
wavelength to give the amplitude spectra. The biexponential function took the following form: 
1 2
1 21
  exp   exp   
x x
y C C b
 
    
     
   
    (2.1) 
where x represents time delay, τ1 and τ2 are decay constants, and C1 and C2 were coefficients 
used to generate amplitude spectra.  
 
Table 2.1 Time constants for global fit to data sets collected on various samples. 
 Pentacene 
glass 
Pentacene 
PEDOT 
Pentacene 
DPS 
Pentacene 
100 nm 
AgNH 
Pentacene 
PEDOT 
AgNH 
Pentacene 
DPS 
AgNH 
τ1 (fs) 183±29 207±20 160±11 639±96 700±120 612±149 
τ2 (fs)  1433 1120 22929 18329 20033 2822 
 
The quality of each fit was initially based upon χ2 values, but due to the highly multidimensional 
nature of the fit, many local minima were discovered. Further discrimination of fits was 
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performed by examination of the residuals for the presence of systematic errors. After such 
efforts, a definitive global minimum was still not attained.  The fit values in Table 2.1 are those 
from the best fit based upon our judgment – alternative fits with nearly equivalent χ2 values had 
time constants that did not vary by more than 15% from those shown here. We have relied on 
these values and the associated amplitude spectra for a qualitative analysis of pentacene/AgNH 
decay kinetics. We have begun a more sophisticated analysis of the data to arrive at more 
detailed conclusions (global target analysis). However, to this point, we cannot justify the use of 
such techniques given the relatively low signal-to-noise ratios, extremely fast decays, and our 
limited knowledge about the detailed mechanism of singlet and triplet formation. Continued 
improvements in signal-to-noise ratios, temporal resolution, and kinetic modeling should provide 
the opportunity to explore this route further. 
The kinetics observed for pentacene/AgNH films are remarkably different than the 
pentacene alone film.  No decay of the triplet feature is observed after the initial rise, while the 
decay of the bleach is considerably longer, roughly 700 fs. The enhanced absorption features 
near = 550nm exhibit a rise with a time constant similar to that of the bleach, and global 
analysis strongly suggests that these features are correlated and that the apparent rise in 
absorption may primarily be the result of the decay of the overlapping bleach.  
Displayed in Figure 2.6 are selected results from a global fit to three-dimensional TA 
data.  The dominant decay component had a time constant of 150-200 fs and an amplitude 
spectrum as shown in Figure 2.6a.  The amplitude spectrum corresponding to the very fast (< 30 
fs) decay was weak and did not have readily identifiable features and thus is not shown. Selected 
time traces from the fit are shown in Figure 2.6b, along with the fit curves.   
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2.4. Discussion 
2.4.1. Identification of Spectral Features 
The results from pentacene films on bare glass suggest that both singlets and triplets are 
present very shortly after excitation, with the singlet decay, observable in the ESA feature at  < 
700nm, dominating the dynamics in the first 500 ps, as displayed in Figure 2.4b. The 
multiexponential nature of the singlet relaxation probably arises from a distribution of traps at 
surfaces and interfaces that leads to radiationless decay (no emission is observed from the films 
under low intensity excitation at room temperature). The spectral similarity of the features 
surviving at t > 1 ns and a convolution of bleach and triplet ESA support the assignment of the 
slowly decaying ESA features as being due to triplet species.  
2.4.2. Structural Effects 
Although some alteration in the pentacene crystal structure can occur with different 
underlying substrates,
24
 any significant changes should be readily noticeable in the steady-state 
absorption spectrum.
32
  No such modification is observed in our case, as is clearly shown in 
Figure 2.1. Even with no change in the overall crystal structure, considerable variations in 
crystallite size or orientation might be expected to produce altered excited-state features, either 
due to a change in surface-related trapping processes or a different distribution of transition 
dipole vectors. The crystallites seen in the AFM images (see Supporting Information of Johnson 
et al
35
) do not appear significantly altered upon deposition on either metal or dielectric 
substrates, which greatly reduces the probability that these effects alone can account for the 
significantly altered spectral and kinetic features. If there is a slight change in relative orientation 
of pentacene crystallites with respect to the substrate surface (resulting in a change in the relative  
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Figure 2.6 (a) Global fit amplitude spectra of a pentacene film on glass. Green curve 
represents approximate triplet-triplet (T-T) ESA determined at long delay times including bleach 
subtraction. (b) Time traces at individual wavelengths between 600-630 nm. Black lines are 
data, while colored lines are fits. (Inset) Comparison of pentacene decays with and without 
AgNHs. The red and green squares show a direct comparison between triplet decay kinetics of 
pentacene/glass and pentacene/ AgNHs, respectively. The black squares show data for the 
bleach of pentacene/glass, with a decay component similar to that of the triplet. 
T/T
0 ps                  Time delay (ps) 25 ps 
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probing of singlet and triplet excited-state transition moments), the kinetics of singlet and triplet 
decay are not likely to be affected on the subpicosecond time scale. Comparison with tetracene is 
also worth noting: we do not observe enhanced features in the TA spectrum of tetracene on 
identical metal nanohole films.
38
 Considering the structural similarity of pentacene and tetracene, 
the lack of a substrate-induced structural effect on the photophysics of tetracene may provide 
further evidence that the observed phenomena in pentacene are due to resonant coupling between 
excitons and SPs, as discussed below. 
2.4.3. SP-Related Enhancement 
Unlike SP-related enhancement in the molecular transition dipole involving the ground 
state and an excited state, enhancement of extinction coefficients for strictly excited-state 
absorption (ESA) has not been explored, to our knowledge. Since ESA naturally involves two 
excited states, observation of such an absorption enhancement requires a nonlinear optical 
experiment. For pentacene on AgNH films, a relative enhancement of particular ESA features (as 
in Figure 2.5a) is observed with respect to the bleach, consistent with the notion that transitions 
from those excited states couple more strongly to the SP field than those from the ground state. 
The data reported by Wiederrecht et al. are also consistent with this notion, considering that the 
originally weak ESA starts to overwhelm the bleach signal from the S2 state when the SP energy 
is tuned into resonance. Most of the oscillator strength for transitions observed in steady-state 
absorption will be associated with final states that are neutral and localized. However, fast 
formation of nearly degenerate delocalized or charge-transfer (CT) states very soon after 
photoexcitation may result in species likely to exhibit stronger coupling with SPs than expected 
for SPs with Frenkel excitons because of the large polarizability that these more delocalized 
states often carry. A fast decay of stimulated emission from pentacene thin films is observed by 
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Marciniak et al.,
22
 who also ascribe the transition as a radiationless one from a localized bright 
state to a delocalized dark state.  
Since the raw data are the result of changing absorption coefficients and changing yields, 
quantifying the enhancement of ESA or yield alone is precarious. However, a variation in the 
ultrafast decay kinetics of the triplet when resonant with an SP is readily apparent and is an 
indication that triplet yields are indeed affected. The initial fast triplet decay (  = 150-200 fs ) 
effectively lowers the amplitude of the observed ESA at t  > 100 fs, as seen in the inset of 
Figure 2.6b. Both the bleach and the singlet ESA are also affected by this fast decay, with the 
bleach decreasing in amplitude with the same time constant as the rise of the singlet ESA. These 
correlated events can be visualized spectroscopically in the global fit amplitude spectra displayed 
in Figure 2.6a. In the pentacene/AgNH samples, triplets form and remain without undergoing the 
fast decay (inset of Figure 2.6b) that is observed in the case of pentacene/glass. 
2.4.4. Triplet Formation and Decay Mechanisms 
Due to the exceedingly fast formation time of triplets, a spin-allowed process, singlet 
fission (SF), may be responsible. A previous estimate of the SF rate is 1.5 x 10
13 
s
-1
,
22
which is 
not far from our lower bound of approximately 2 x 10
13 
s
-1
.  With rare exception,
39
  SF must 
proceed through an excited state that has an electronic wave function that extends over more than 
one chromophore. Although the detailed mechanism is not known, it is reasonable to assume that 
excited states with a large degree of delocalization will enhance the rate of SF. This supposition 
is based upon arguments of overlap between initial and final state wave functions,
40
  and in the 
limit of large delocalization may approach the situation observed in inorganic NCs wherein a 
large number of outer shell electrons are available to participate in exciton multiplication 
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processes.
41
  These delocalized excited states are highly polarizable and may carry a large dipole 
moment if CT admixtures are present, as they are known to be in polyacenes.
32,42
  CT excitons 
are also predicted to play the role of intermediate in the SF process and its reverse, T-T 
annihilation.
26
 Moderate to strong coupling between highly polarizable excitons and SPs may 
produce a partially hybridized molecular/SP state, producing faster dephasing and/or cooling 
than would occur without the presence of the SP. This would explain the absence of the initial 
fast decay of the triplet population in the case of pentacene/AgNH as the dephasing would 
uncouple the triplet pair resulting from singlet fission and reduce the occurrence of TT-
annihilation. 
2.4.5. The Role of Electronic Coherence 
 For ultrafast excited-state processes that can occur coherently, the degree of coupling 
with SPs matters because inclusion of SP modes into the bath can influence the fate of the 
initially prepared excited state. The dephasing rate of the coupled molecule/SP excitation will 
contain a phonon-induced portion as well as a purely electronic contribution that is faster than 
that of the pentacene alone and that depends on the degree of coupling between excited-state 
species and the SP. This scenario is not unlike the optical dephasing of isolated molecules in 
solution due to intramolecular vibrational effects and solvent dielectric phenomena. In solution, 
it is generally understood that the dipole of an excited chromophore can couple strongly to 
polarizable solvent molecules.
43
   In the thin films studied here, stronger SP coupling to the 
multiply excited state could produce faster dephasing than through the singly excited component 
of the superposition.
18
  
The hypothesis that SF occurs coherently in pentacene is difficult to test under our 
experimental conditions, and it is often the case that true electronic coherences can only rarely be 
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observed.
19
  Some oscillation in the bleach or triplet absorption may be expected, although a 
fairly large splitting between the S1and 2T1 energies (0.1 eV) may produce very fast oscillations 
(period < 50 fs) that cannot be resolved here. There is some evidence for these oscillations at 
very short times (see Figure 2.6b), but it is likely that they are overdamped and not easily 
observable. For crystalline tetracene the 2T1 energy is expected to be slightly higher than that of 
S1.  Previous investigations have reported evidence for a longer-lived coherent superposition 
observed in tetracene emission,
44
 and our recent results confirm oscillatory singlet/triplet 
dynamics via monitoring both bleach and triplet ESA in a pump-probe configuration.
45
  The 
fairly subtle differences in energetics and the nature of excitations between pentacene and 
tetracene may produce considerably different SF behavior that is manifest in tetracene as a 
persistence of spin coherence on a picosecond time scale even at moderate temperatures. These 
differences also appear to greatly decrease the coupling between photogenerated excitons in 
tetracene with SPs in the AgNH films when compared with pentacene.  
2.4.6. The Influence of Cooling 
The exact singlet/triplet splitting in our films is uncertain, and thus the precise energetic 
alignment of singlet and double-triplet states is unknown. However, based upon previous 
estimates,
21
 we can expect that the double-triplet state has a slightly lower energy than the 
thermalized singlet. If the S1→ 2T1 process is reasonably fast, reversible, and incoherent, an 
effective equilibrium may form between the two states. As the equilibrium cools toward the 
energy of the lowest S1 vibronic level, T-T annihilation will become inhibited, as the 2T1 
component can only access a lower energy than S1, creating a barrier for the 2T1 → S1 
transformation. Following this scheme, the 150-200 fs decay would represent a cooling time 
corresponding to the relaxation of electrons from excited 2T1 states to entirely thermalized 2T1 
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levels below the energy of S1 after which point the triplet population is stable for many 
nanoseconds. Under the influence of SPs, either the relative energies of the states must be altered 
or the cooling rate must be increased, leading to no discernible decay of triplet after the 
excitation pulse duration. Further experiments on pump wavelength and temperature dependence 
are underway that will aid in developing models that may discern between possible dynamical 
pathways for SF in pentacene with and without SP interactions. 
Due to the large dependence of the SF rate on magnetic field strength via the change in 
relative energies of the spin states, the notion of utilizing a light-induced magnetic field is 
intriguing. Relaxation among the spin fine-structure states may produce an equilibrium of two-
spin states, none of which is strictly an eigenstate of spin. However, any local magnetic field 
may alter the energies of those states with predominantly triplet and quintet character with 
respect to those that have mostly singlet character.
44
  Therefore, the fine structure of this nascent 
doubly excited-state can have a large impact on the kinetics of SF and T-T annihilation, and thus 
the eventual ratio of singly to doubly excited states. The exploration of optical frequency 
magnetic effects using metamaterials is a burgeoning field,
46,47
 and although the realization of 
reasonably strong effective magnetic fields may require very large field enhancement factors, it 
may represent a selective radiation-driven route toward controlling splittings that have a direct 
influence over the kinetics of transitions involving states of differing spin.  
2.5. Conclusions 
We have demonstrated that triplet state formation kinetics are altered in multicrystalline 
pentacene thin films in the presence of a surface-plasmon-active layer. The observation of strong 
excited-state absorbance features compared with transitions involving the ground state is 
47 
 
consistent with a simple initial interpretation of the differences in the relative charge 
delocalization, i.e. polarization, of the excitations of pentacene. While a detailed mechanism and 
interpretation of excited-state energy flow in the systems studied here has not been completed, 
there are encouraging results that indicate that the fate of excitation energy in the organic 
semiconductor may be systematically altered in the presence of SPs. Most intriguingly, it appears 
that the yield of singlet fission can be controlled by interacting excited states with SPs. This 
would offer a route to enhance the efficiency of organic photoconversion systems.  
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CHAPTER 3 EXCITED-STATE PROCESSES IN FIRST-GENERATION 
PHENYL-CORED THIOPHENE DENDRIMERS 
 
This chapter describes the spectroscopic investigations of first generation dendrimers 
with three oligothiophene arms (meta-arranged, 3G1-nS) and four arms (ortho- and para-
arranged, 4G1-nS) connected to a central phenyl core, see Figure 3.1, in solution.
1
  In all 
dendrimers, on an ultrafast timescale (< 10 ps), two cooling processes convert the initially 
generated, hot exciton into the geometrically relaxed, cold exciton.  As the number of thiophene 
units, n, increases three trends occur: (1) a decrease in the triplet yield, particularly evident for 
the 4-arm dendrimers; (2) a decrease in the intersystem crossing rate; and (3) a decrease in the 
nonradiative triplet decay time.  All three of these trends are also seen in previous oligiothiothene 
studies.   
A relatively fast internal conversion process (> 0.6 ns
−1
) is observed in both dendrimer 
series, possibly due to increased twisting about the phenyl core that reduces the triplet yields 
considerably with respect to oligothiophenes.  An anomalous shifting of the triplet-triplet 
absorption spectra characterizes the 4G1-nS dendrimers as distinct from the 3G1-nS series in 
terms of the hindrance of torsional motion and confinement of excited states enforced by the 
arrangement of dendrons. 
3.1.  Introduction 
In the last few years, optoelectronic devices based on organic semiconductors, such as 
organic light-emitting diodes (OLEDs) and organic photovoltaic (OPV) devices, have 
demonstrated remarkable levels of performance.
2-4
  Despite this recent progress the search 
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continues for chemical systems that combine the best aspects of conjugated polymers (e.g. 
solution processability) and small molecules (e.g. uniform, reproducible physical properties).  
Conjugated dendrimers fit this niche, since they possess precisely defined molecular structures 
and can be processed easily from common organic solvents.
5,6
  Despite this promise conjugated 
dendrimers have not been able to match the performance of, and therefore supplant, their rivals 
as the active components in the aforementioned devices.
7-10
  The fact that conjugated dendrimers 
have not yet realized their potential in optoelectronic devices highlights the need for 
comprehensive studies of excited state processes in such materials.
11
  In addition to their 
practical uses, because of the facile tunability of their opto-electronical properties, solution 
processability, and relative purity, conjugated dendrimers are an ideal candidate for conducting 
systematic studies of structure-property relationships on organic semiconductors, such as the 
understanding of their optical and electronic properties in relation to the size of their conjugated 
π-system.11-15  
The thiophene repeat unit has been studied extensively as the fundamental building block 
for a plethora of organic optoelectronic systems, including polymers, oligomers and more 
recently dendrimers, in the context of OLEDs,
16-21
 ﬁeld-effect transistors (FETs),22-24 and OPV 
devices.
25-28
  The pervasive investigation of thiophene-based semiconductor materials underlines 
the importance of developing an understanding of the interplay between the chemical structure 
and optical properties.  Recently we reported on the synthesis and basic optical properties of a 
family of first-generation dendrimers in which conjugated thiophene dendrons of varying lengths 
are placed in different arrangements around a central phenyl core.
14
  The dendrimers prepared 
had either three or four dendrons, with a single branching point, around the core: the  
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Figure 3.1 Chemical structures of the first generation phenyl-cored thiophene dendrimers 
used in this study: n denotes the number of bridging thiophene rings between the phenyl core and 
branching point of the dendron, n was varied from 1 to 3. 
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nomenclature xG1-nS is used to identify the dendrimers, where x is the number of first-
generation dendrons and n is the number of bridging thiophene moieties between the phenyl core 
and branching point (Figure 3.1).
14
  This study demonstrated that an all-meta arrangement (3G1- 
nS) of the thiophene arms results in a chromophore that is localized on the α-conjugated 
thiophene segment and phenyl core, whereas ortho- and para-substitution (4G1-nS) permits 
electronic communication between two dendrons, although steric interactions between 
neighboring arms limits the effective conjugation length to less than the length of two α-
conjugated segments coupled through the phenyl core.
14 
Of particular interest is the question whether triplet excitations are as prominent in 
thiophene-based dendrimers as they are in oligothiophenes.  Since ring twisting and σ-π mixing 
can modulate spin-orbit coupling strengths,
29
 the geometrical conformations of the dendrimers in 
the excited state, as dictated by the generation number and length of the thiophene chain, is 
expected to control the intersystem crossing  (ISC) rate, kisc, from the first excited singlet state, 
S1, to the first excited triplet state, T1.  However, if higher-lying triplet states, TN (N > 1), are 
energetically close to S1, the S1→TN channel becomes important, as dictated by the energy gap 
rule.
30
  The exact S1→TN energy difference, determined primarily by the exchange interaction, 
which in turn depends on the amount of delocalization and charge transfer in the excited state, 
then plays a crucial role in determining kisc.  Competition between ISC and internal conversion 
(IC) will then likely determine the triplet yield.  In the context of the mechanism, and resultant 
efficiency, of the conversion of solar photons into free carriers in light-harvesting systems based 
on organic semiconductors, triplet states are an often neglected but potentially influential 
species.
31-33
 These studies further highlight the need for a comprehensive understanding of how 
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excited state processes, including triplet formation, can be controlled in model solar 
photoconversion systems. 
In this work, we present time-resolved studies, using nanosecond flash photolysis (FP) 
and femtosecond transient absorption spectroscopy (fs-TAS), of the effect of dendron length and 
arrangement on the solution-phase excited-state processes in this family of thiophene dendrimers 
(Figure 3.1).  The excited state dynamics of all the dendrimers can be described by a kinetic 
scheme composed of singlet and triplet states.  We find that the dynamics are strongly influenced 
by the dendrimer chain length. 
3.2.  Experimental Methods 
The six dendrimers were synthesized by Ben Rupert and Scott Hammond following the 
procedure described previously.
12,14
  All samples were prepared in an inert atmosphere by 
dissolving the dendrimer compounds in 2-methyl-tetrahydrofuran (2-MeTHF; anhydrous, > 
99.5%) from Sigma-Aldrich, which was degassed thoroughly by bubbling with argon for 30 
minutes.  UV-VIS absorption was measured with a Shimadzu 3000, and fluorescence was 
collected with a Photon Technology International Quantamaster fluorimeter.  Fluorescence 
quantum yields were determined using an absolute measurement in an integrating sphere.
34
 
Nanosecond time-resolved spectroscopic measurements were performed with an 
Edinburgh Instruments LP920 flash photolysis system.  Pulsed excitation (10 Hz) at 355 nm was 
provided by the frequency-tripled output of a Q-switched Nd:YAG pump laser (Continuum, 
Surelite), with an average pulse power of approximately 5 mW.  The photoinduced change in 
transmission was probed using a pulsed xenon arc lamp at a frequency of 10 Hz.  The decadic 
molar extinction coefficients of the triplet states were measured using the ground state depletion 
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method and the triplet quantum yields were measured using the relative actinometry method with 
anthracene in benzene as a reference.
35
 
The time-resolved transient absorption spectroscopic experiments were performed using 
the second harmonic of a Ti:Sapphire laser (Clark, CPA-2001, 1 kHz, 775 nm, pulse duration  
130 fs) to pump at 388 nm (attenuated to approximately 0.5 mW average power) and a white-
light probe produced by focusing 1 J of the fundamental into a continuously translated CaF2 
window resulting in a continuum with spectral range of approximately 400 nm to 800 nm.  Time-
resolved spectra were obtained at various delays between pump and probe by locking into the 
500 Hz modulation frequency of the pump while detecting identical copies of the 
monochromatized probe beam that traversed pumped and non-pumped regions of the sample.  
The two beams were incident on a balanced detector, with a small portion of the reference beam 
directed onto a second detector.  The monochromator was scanned to produce data sets with 
−ΔT/T (where T is transmission) vs. wavelength vs. delay time ranging from 50 fs to 5 ns.  Chirp 
in the probe pulse was accounted for by including an automatic wavelength-dependent delay 
determined by monitoring two-photon absorption in fused silica−the effective instrument 
response after chirp-correction was between 350 and 500 fs. 
Spectrotemporal data acquired by the nanosecond flash photolysis (FP) and femtosecond 
transient absorption spectroscopy (TAS) methods were analyzed globally using the kinetic 
scheme (Scheme 3.1)−further details about the ﬁtting procedure can be found in Section 3.3.4 
Global Spectrotemporal Analysis. 
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3.3.  Results & Discussion 
3.3.1.  Flash photolysis 
The flash photolysis data (Figure 3.2) of all samples exhibit both bleach and excited-state 
absorption features, attributed to ground state depletion and triplet population, respectively.  The 
same characteristic time (Table 3.1) can be used to describe the transient profiles associated with 
both features, for all dendrimers, indicating that in all cases the triplet state decays directly to the 
ground state according to simple first-order kinetics.  This observation, along with the fact that 
the shape of the ground state bleach (GSB) is almost identical, in all cases, to the steady-state  
absorption of the dendrimers in solution (Figure 1.7), suggests that the photoinduced absorption 
at longer wavelengths is solely due to a triplet-state absorption (TSA), T1→TN.  For the 3-arm 
dendrimers an increase in the length of the thiophene dendron results in a bathochromic shift of 
the TSA spectrum, with a concomitant narrowing of the absorption band, consistent with the 
observed chain- length dependence for the linear α-oligothiophenes in a variety of solvents.36  In 
contrast, the center of the broad TSA peak in the 4-arm dendrimers is nearly wavelength 
independent with the number of bridging thiophene rings.  In fact, there is a slight hypsochromic 
shift of the spectrum upon going from one to two bridging thiophene rings.  For both the 3- and 
4-arm dendrimers there is a clear decrease in the triplet lifetime, τT, as the number of bridging 
thiophene rings in the dendron increases.  There is also a decrease in the triplet quantum yield, 
φT, with increasing dendron length, although this trend is much less pronounced for the 3-arm 
dendrimers, where the magnitude of the error reduces the statistical significance of the observed 
decrease.  Both of these observations are consistent with the dependence of φT and τT on chain-
length for the linear α-oligothiophenes in a variety of solvents.36 
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Figure 3.2 Flash photolysis measured at time delay corresponding to the peak of the 
triplet absorption, for (a) 3-arm dendrimers and (b) 4-arm dendrimers in degassed 2-MeTHF.  
The bleach due to ground state depletion causes an increase in transmission (> 0); this is 
visible at a negative feature from ~350 to ~500nm.  Triplet photoproduct absorption decreases 
transmission and accounts for the positive feature from ~500 to ~800nm.   
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The calculations used to determine the errors for the parameters in Table 3.1 varied based 
on the instrumentation.  The error in the decadic molar extinction coefficient for the ground state 
absorption, ε (S0→S1), is derived from the linear regression used to model the measured 
absorbance versus concentration for at least two independent solutions of each dendrimer.  The 
error in the photoluminescence quantum yield, φPL, is quoted as a 10% relative error on the 
measured value.  The decadic molar extinction coefficient for the triplet state absorption,   
ε(T1→TN), is determined using the ground state depletion method:
35
 as such the error is 
determined by accounting for the error in the decadic molar extinction coefficient for the ground 
state absorption, ε (S0→S1), as well as the errors associated with the measured values of the peak 
 
 
 
Table 3.1:  Photophysical Properties of the First Singlet and Triplet Excited States of the 
First-Generation Phenyl-Cored Thiophene-Bridge Dendrimers in 2-MeTHF
a
 
compound ε(S0 →S1) 
(× 10
5
 M
−1
cm
−1
) 
φPL ε(T1→TN) 
(× 10
5
 M
−1
cm
−1
) 
φT τT (μs) 
3G1-1S 0.93 ± 0.07 0.09 ± 0.01 1.50 ± 0.15 0.20 ± 0.03 38.37 ± 0.03 
3G1-2S 1.25 ± 0.09 0.23 ± 0.02 2.50 ± 0.28 0.19 ± 0.03 28.55 ± 0.02 
3G1-3S 1.56 ± 0.12 0.32 ± 0.03 2.80 ± 0.40 0.17 ± 0.03 20.10 ± 0.03 
4G1-1S 0.96 ± 0.07 0.16 ± 0.02 1.01 ± 0.11 0.23 ± 0.03 45.47 ± 0.05 
4G1-2S 1.47 ± 0.10 0.21 ± 0.02 1.56 ± 0.17 0.16 ± 0.02 28.48 ± 0.04 
4G1-3S 1.71 ± 0.12 0.14 ± 0.01 2.45 ± 0.33 0.07 ± 0.01 20.10 ± 0.03 
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Figure 3.3 Representative transient absorption spectra, as a function of delay time (820 
fs to 2.35 ns) between the pump and probe pulses, for (a) 3G1-3S and (b) 4G1-3S in degassed 2-
MeTHF. The triplet absorption peak 
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change in transmission for the ground state bleach and triplet state absorption features, as 
determined from the noise in the transient signal.  The triplet quantum yield, φT, is calculated 
using the relative actinometry method, with anthracene in benzene as a reference:
35
 as such the 
error is determined by accounting for the error in the decadic molar extinction coefficient for the 
triplet state absorption, of the dendrimer ε (T1→TN), as well as the errors associated with the 
measured values of the peak change in transmission for the triplet state absorption features of the 
dendrimer and the anthracene standard, as determined from the noise in the transient signal.  The  
error in the triplet lifetime, τT, is determined from results of the global fitting procedure used to 
model relaxation from the triplet state to the ground state. 
3.3.2.  Transient absorption. 
   Figure 3.3 shows representative transient absorption spectra, as a function of delay time  
between the pump and probe pulses, for (a) 3G1-3S and (b) 4G1-3S.  At long time delays (2.35 
ns; brown traces) features similar to the GSB and TSA observed by flash photolysis dominate the 
measured spectra.  At a time delay of 46 ps (yellow traces) the observed negative features with  
maximum amplitude at ~ 550 nm, for both dendrimers, have similar profiles to the steady-state 
photoluminescence (PL) spectra, implying that these result from stimulated emission from the 
first singlet excited state (S1→S0).  At early times (820 fs; purple traces) a similar negative 
feature is observed at higher energies, indicating that the stimulated emission originates from the 
initially populated hot exciton, SFC
* , which is generated by a vertical (Franck-Condon) electronic 
transition to an excited state in the same geometrical configuration as the ground state.  As the 
time delay is increased from 820 fs to 46 ps these features are observed to red-shift with time, 
indicating that the hot exciton either undergoes sequential energy transfer to molecular subunits 
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capable of sustaining a more delocalized excited state
11
 or that geometrical relaxation to an 
energetically favorable molecular configuration occurs.
37-40
  Both processes will result in the 
excitation being located on a chromophore consistent with the observed steady-state PL spectra, 
and in the absence of additional experimental evidence it is difficult to rule out either 
mechanism.  In conjunction with this stimulated emission component a photoinduced absorption 
is also observed at lower energy, corresponding to excited state absorption to higher-lying singlet 
states (S1→SN). 
3.3.3. Kinetic scheme.   
The observation of a single characteristic time to describe the first-order (exponential) 
decays of the ground state bleach and triplet state absorption, as measured by FP (Figure 3.2), 
and the previously observed single exponential photoluminescence decays (except for 4G1-3S),
14
 
suggests that the excited state processes in the first generation phenyl-cored thiophene 
dendrimers can be described by the following kinetic scheme (Scheme 3.1). According to this 
scheme the photoluminescence quantum yield, φPL, photoluminescence lifetime, τPL, triplet 
quantum yield, φT, triplet lifetime, τT, and quantum yield of internal conversion, φic, are given by: 
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where kr is the rate constant for radiative decay from the first singlet state (S1) into the ground 
state (S0), kic is the rate constant for internal conversion (nonradiative relaxation) of S1 into S0, kisc 
is the rate constant for intersystem crossing from S1 to the first triplet state (T1), kT is the rate 
constant for intersystem crossing from T1 to the S0. 
Since φPL and τPL can be obtained using steady-state and time-resolved photoluminescence 
spectroscopy, respectively, and υT and τT can be determined using nanosecond flash photolysis 
measurements, the first-order rate constants can be calculated using these measurable quantities, 
according to:   
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The previous studies of the time-resolved photoluminescence properties of the first 
generation phenyl-cored thiophene dendrimers,
14
 along with the steady-state photoluminescence 
quantum yield and flash photolysis measurements performed as part of this study, allow the rate 
constants for a number of the excited state processes to be determined (Table 3.2).  The errors  
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Scheme 3.1  Kinetic scheme used to analyze the flash photolysis and transient absorption 
spectroscopy data. 
 
The excited state processes that take place upon photoexcitation (purple arrow) of the first 
generation phenyl-cored thiophene dendrimers in solution are denoted by dark grey arrows.  The 
states involved, processes that result in their interconversion, and the kinetic equations arising 
from this scheme are discussed in more detail in the text. 
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associated with the rate constants were propagated from the errors in lifetime and quantum yield, 
found in Table 3.1 and based on equations 3.1 through 3.5. 
 
Table 3.2 Rate Constants Determined from Steady-State & Time-Resolved 
Photoluminescence, and Flash Photolysis Measurements
 
  
compound kr (ns
−1
) kic (ns
−1
) kisc (ns
−1
) kT (x 10
−5 
ns
−1
) 
3G1-1S 0.360 ± 0.04 2.840 ± 0.16 0.800 ± 0.12 2.604 ± 0.02 
3G1-2S 0.393 ± 0.04 0.991 ± 0.06 0.325 ± 0.05 3.534 ± 0.04 
3G1-3S 0.400 ± 0.04 0.634 ± 0.04 0.213 ± 0.04 4.975 ± 0.03 
4G1-1S 0.286 ±0.03 1.089 ± 0.06 0.411 ± 0.06 2.198 ± 0.02 
4G1-2S 0.326 ± 0.03 0.977 ± 0.05 0.248 ± 0.04 3.509 ± 0.02 
4G1-3S 0.207 ± 0.02 1.170± 0.1 0.104 ± 0.02 4.975± 0.13 
 
At this stage it is worth noting that the radiative rate constants for the 3-arm dendrimers 
are similar to those observed for linear α-oligothiophenes in a variety of organic solvents.36  This 
suggests that the all-meta arrangement of the dendrons around the phenyl core results in 
photophysical properties that are dominated by a single α-oligothiophene arm connected to a 
phenyl ring, as has been previously noted.
14
  That said, the presence of the additional arms 
results in a reduction in the rate constant for intersystem crossing, with respect to those observed 
for linear α-oligothiophenes of similar length (number of conjugated rings),36 which manifests 
itself as a dramatic reduction in the quantum yield for triplet formation.  This may be due to a 
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combination of factors which cannot be disentangled from available data. For oligothiophenes, it 
has been postulated that charge-transfer admixtures facilitate ISC and that these admixtures are 
more prevalent in shorter chains.
36
  Although some partial charge-transfer character is expected 
for the dendrimers,
41
 no experimental data verify this hypothesis, and solvent polarity effects 
were in fact found to be minor (data not shown).  It is also possible that there is an increasing 
barrier for thermally-activated ISC to TM (an excited triplet that is not necessarily the same as TN, 
the upper state in the triplet absorption) as the number of bridging thiophene rings, n, increases 
due to an expanding energy gap between S1 and TM.
42
  Temperature dependent effects were 
measured but could not conclusively decouple trends in kisc from kic (data not shown).  The faster 
decay of the triplet to the ground state as n increases for both dendrimer series could be the result 
of the increasing likelihood of nonradiative decay as the T1→S0 energy gap decreases.  Twisting 
of chains may also increase spin-orbit coupling strengths for the shorter dendrimers; however, a 
clear correlation between twisting of chains and kisc was not found. 
In contrast to the linear α-oligothiophenes, where the quantum yield for internal 
conversion, φic, is small,
36
 the incorporation of additional thiophene arms around the central 
phenyl core results in significant quenching of the excited state by internal conversion to the 
ground state, which results in the observed reduction of the photoluminescence quantum yield, 
φPL.
14
  The reduction of both kic and kisc with arm length, in the case of the 3-arm dendrimers, 
indicates that the associated processes will compete less effectively with radiative decay from the 
first singlet state, which is reflected in the associated increase in φPL. 
As has been previously noted, while the excited state in the 4-arm dendrimers is capable 
of extending through the phenyl core, it does not spread out over the full length of two 
dendrons—although it was postulated that the relaxed exciton is larger in the 4-arm dendrimers 
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than in the corresponding 3-arm compounds.
14
  In the three arm dendrimers, the values of the 
radiative and internal conversion rate constants, kr and kic, are smaller and larger, respectively, 
than for linear α-oligothiophenes with comparable conjugation lengths (5 to 7 rings).36  These 
two effects give rise to the dramatic reduction in φPL observed for the 4G1-nS series, compared 
to the linear α-oligothiophenes.36  In contrast to the 3-arm dendrimers, no real trend can be 
observed in kr and kic for the 4-arm dendrimers, suggesting that the nature of the relaxed excited 
state is likely to be quite different from that observed for the 3G1-nS dendrimers, and 
additionally that it may even vary within 4G1-nS series of dendrimers. 
The position of the most prominent peak in the T1→TN spectrum for the 3G1-nS series is 
a strong function of n, in analogy with oligothiophenes.
36
  However, in the 4G1-nS series, the 
T1→TN peak is almost independent of n, suggesting that the higher-lying triplet states do not 
spread along the thiophene chain as length is increased.  In fact, a slight blue-shift of the T1→TN 
peak can be detected, although the considerable width of the peak precludes an accurate 
determination of its position.  The increased broadening suggests that the increased 
conformational flexibility in the 4G1-nS series leads to a wider spread in TN values.  A similar 
effect is observed in the photoluminescence spectra of the 4-arm dendrimers, where enhanced 
coupling to vibrational/torsional modes results in increased broadening of the vibronic bands and 
a broader, less structured emission spectrum.
14
  While our measurements cannot rule out the 
possibility that intramolecular π−π interactions, between two thiophene arms arranged ortho to 
each other in the 4-arm dendrimer, give rise to the negligible dependence of the observed triplet 
state absorption energy on the thiophene dendron length, theoretical calculations of the excited 
state geometries for the 4-arm dendrimers show no evidence for such an interaction.
41
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It might seem unusual that the T1→TN shift is larger than the S0→S1 shift with n for the 
oligothiophenes and for the 3G1-nS series but not for the 4G1-nS series, and this observation is 
worth considering further.  In more rigid polycyclic aromatic systems such as polyacenes, both 
cold (i.e. vibrationally relaxed S1) and hot excitons spread throughout the molecule to the same 
extent because there is little conformational disorder to produce localization on one portion of 
the molecule.  The T1→TN peak absorption shift in the polyacene series is smaller than that of 
S0→S1 going from naphthalene through pentacene,
43
 as is generally expected due to the size 
dependence of the exchange energy.
44
  In systems with considerable conformational flexibility 
along the conjugated chain, such as oligothiophenes and the dendrimers considered here, there 
will be larger barriers to delocalization that the cold S1 or T1 excitons will be unable to surmount, 
thus restricting them to roughly three α-conjugated thiophene units in the 3G1-nS series.41  
Therefore, although minor shifts in S1 and T1 do occur as n increases, higher energy electronic 
states are more able to sense the true size of the system, producing a larger change in TN energies 
and a correspondingly larger shift in T1→TN  than S0→S1.  Hot excitons are expected to 
delocalize over about five thiophene units, which is easily accommodated in 3G1-3S in just one 
arm but is more difficult in 3G1-2S and 3G1-1S.
41
  In the latter two dendrimers, the hot exciton 
is squeezed into a smaller space forcing delocalization through the core to other arms, despite the 
unfavorable meta arrangement.  This non-linear delocalization comes at a considerable energetic 
cost compared with the para arrangement, similar again to linear versus bent polyacenes; 
however, coupling between arms in the excited state in meta-arranged phenylacetylene 
dendrimers has been observed.
45
  Both oligothiophenes
36
 and oligophenylenevinylenes
46-48
 
exhibit trends in n-dependent shifting of T1→TN and S0→S1 similar to the 3G1-nS series 
(Supporting Information of Kanarr et al. )
1
, suggesting the generality of this type of analysis for 
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these families of chromophores.  It should be mentioned that the most appropriate comparison of 
peak shifting would involve S1→SN with S0→S1 transitions, but the true S1→SN spectrum for 
most compounds is not available due to the relatively short singlet lifetime and difficulty in 
separating pure absorption, which appears to be rather broad and without structure, from 
stimulated emission. 
The observation that there is essentially no shift of T1→TN for the 4G1 series arises from 
the likelihood that the delocalization of excitation through the arms connected in para positions 
to the phenyl core already accommodates the largest hot triplet exciton size (defined by twisting 
of the thiophene backbone) for n = 1, and the barrier for producing a larger hot exciton 
apparently requires much more energy.  Thus, the hot exciton wavefunction is unlikely to change 
significantly as n increases.  Some delocalization can occur among the other arms, but this is 
unlikely to have a strong effect on the transition energies for the hot states.  These constraints 
may be less applicable to studies of the dendrimers in films where some degree of intermolecular 
interaction can induce molecular configurations that reduce twisting and extend conjugation 
lengths.  Investigations of the photophysical properties of films of 3G1-nS and 4G1-nS 
dendrimers are ongoing. 
3.3.4.  Global spectrotemporal analysis.   
Assuming, that a hot exciton, SFC
* , has already been generated as a result of a photo-
induced, vertical electronic transition from the ground state, this kinetic scheme results in the 
following differential equations (eqs 3.10−3.14) for the rate of change of the species involved: 
 
*
*
1-
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where SFC
*  is the initially-formed, hot exciton, S
*
 is an intermediate, hot exciton, S1 is the 
relaxed, cold exciton, T1 is the first excited triplet state, and S0 is the ground state: kc1 is the first-
order rate constant describing the cooling process of SFC
*  to yield S
*
; kc2 is the first-order rate 
constant describing the cooling process of S
* 
to yield S1; kr and kic are the first-order rate 
constants describing the radiative decay and internal conversion of S1 to yield S0; kisc is the first-
order rate constant describing intersystem crossing from S1 to yield T1; kf is the inverse of the 
measured fluorescence lifetime; and kT is the first-order rate constant describing decay from T1 to 
yield S0. 
The normalized, time-dependent trajectories of the species, 
* ( )FCS t , S
*
(t), S1(t), T1(t) and 
S0(t), are described by the solutions to these differential equations, and are described by 
exponential (first-order) decays (eqs 3.15−3.19) whose characteristic times are determined by the 
rate constants described above. 
      1* ck tFCS t e
       (3.15) 
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   (3.19) 
 
In the case of the FP measurement, where the time-resolution is not sufficient to probe 
the fast processes associated with SFC
* , S
*
 or S1, the scheme simplifies to decay of T1 to S0, 
described by an exponential (first-order) decay with the rate constant kT.  The spectrotemporal FP 
data were analyzed according to this simplified scheme, resulting in the triplet lifetimes, τT, and 
the corresponding rate constants, kT, presented in Tables 3.1 and 3.2, respectively. 
At this stage it is worth describing how the spectrotemporal data were analyzed using the 
global analysis routine, which was optimized by reducing the global chi-squared for the full data 
set using a standard Levenberg-Marquardt algorithm in Igor Pro 6 (Wavemetrics).  The 
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following parameters were available to the global spectrotemporal analysis routine: the first-
order rate constants kc1, kc2, kr, kic, kisc, kT, the spectral contributions (weighting factors) of the 
five species probed by the TAS measurement * ( )
FCS
A  , * ( )SA  , 1 ( )SA  , 1 ( )TA  , 0 ( )SA  ; and 
two parameters describing the position, Gpos, and full width at half-maximum, GFWHM, of a unit-
area Gaussian instrument response function.  Spectrotemporal TAS data were analyzed globally 
using weighted contributions of eqs 3.6−3.10 (eq 3.11), to account for the spectral dependence of 
the change in optical density for each species, after subsequent analytical convolution with an 
instrument response function described by a Gaussian function with full-width half-maximum ~ 
350−500 fs.
                     * *
1 1 0
* *
1 1 0,
FC
FC S T SS S
OD t A S t A S t A S t A T t A S t            (3.20) 
The convolution of a unit-area Gaussian, Gu(t), with an exponential decay, Ei(t), results in the 
time dependent exponentially modified Gaussian (EMG) function, EMGi(t),
49
 where Gu(t) is 
given by:  
2
1 1
( ) exp  for ( 0)
22
and ( ) 0 for ( 0) 
g
u
u
t t
G t t
G t t
 
  
    
   
 
   (3.21) 
where tg is the centroid (maximum) and is the square root of the variance of the unit-area 
Gaussian, which is related to the full width at half maximum GFWHM, by:    
    
 8ln 2
FWHMG         (3.22) 
and Ei(t) is given by: 
   
     
   
exp  for t>0
and 0 for t<0
i i i
i
E t A k t
E t
 

    (3.23)  
where Ai is the amplitude and ki is the rate constant of the exponential decay.   
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The time-dependant EMG function, EMGi(t), is defined by the convolution integral of these two 
functions: 
 
     
   
 
0
2
0
1
exp exp
22
i u i
t
u i
t
t gi
i
t
EMG t G t E t
G t t E t dt
t t tA
k t dt
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

 
  
   
     
   


  (3.24) 
which has the solution: 
         21, , , , exp , , ,
2 2
i
i g i i i i g i g i
A
EMG t t A k k k t t Y t t k  
 
   
 
  (3.25) 
where  , , ,i g iY t t k  is given by: 
   
1 1
, , , erf erf
2 2
g g
i g i i i
t t
Y t t k k k  
 
      
         
         
   (3.26) 
Since the convolution obeys algebraic distributivity, the convolution of a function A with the 
sum of three functions B, C, and D can be expressed as follows: 
            .A B C D A B A C A D            (3.27) 
Thus, the convolution of a unit-area Gaussian with a sum of exponentials is simply given by the 
sum of time-dependant EMG function,  , , , ,i g i iEMG t t A k : 
        , , , ,  .u i i g i i
i i
G t E t EMG t t A k      (3.28) 
Additionally, since the GSB signal is expected to match the steady-state absorption 
spectrum, 
0
( )SA   was given by the normalized absorption at wavelength λ, multiplied by a 
constant determined from the relative magnitudes of the GSB and TSA from flash photolysis 
measurements (Figure 3.2).  In this way the position and shape of the GSB were constrained to 
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that of the steady-state absorption spectrum, allowing better (albeit not perfect) extraction of the 
TSA signal at high energies.  However, the strong overlap of these two features made it difficult 
to extract the true TSA signal in this spectral region, and as a result 
1
( )TA   was constrained to be 
greater than zero.  Initial attempts to model the spectrotemporal TAS data neglected any 
contribution from the initially-formed, hot exciton, and were unsuccessful with respect to 
describing the early-time (< 10 ps) kinetics.  Inclusion of two cooling processes, described by the 
rate constants kc1 ≥ 1000 ns
−1
 and kc2 ≥ 65 ns
−1
, resulted in an excellent description of the 
spectrotemporal TAS data for all six dendrimers—Figure 3.4 shows representative transients 
(colored symbols and traces), and their associated fits (solid grey traces), on a log timescale, for 
(a) 3G1-3S and (b) 4G1-3S—the results of the full global spectrotemporal analysis for all the 
dendrimers are shown in Figures 3.5– 3.10.  With respect to the rate constants all were kept fixed 
at the values shown in Table 3.2, except that kc1 and kc2 were constrained to be greater than 1000 
ns
−1
 and 65 ns
−1
, respectively.  This meant that only * ( )
FCS
A  , * ( )SA  , 1 ( )SA  , 1 ( )TA  , and 
Gpos, were treated as local variable parameters (i.e. specific to an individual transient) and GFWHM 
was kept as a global variable parameter (i.e. the same for all transients).  As a result, the spectral 
contributions for the five species described in Scheme 1 were extracted using the global 
spectrotemporal analysis for all six dendrimers—these are shown in Figure 3.11 for (a) 3G1-3S 
and (b) 4G1-3S. 
The inclusion of the two cooling processes, that result in the conversion of SFC
*  into S1 
(via S
*
), is justified on the basis of the time-dependent, red-shift of stimulated emission spectra 
observed in femtosecond transient absorption measurements of substituted oligothiophenes in 
solution.
37-40
  This study obtained characteristic rate constants associated with internal energy  
74 
 
  
Figure 3.4 Representative transient absorption kinetic traces (symbols and colored 
traces), along with fits using the model described in the text (solid grey lines), as a function of 
probe wavelength (425–775 nm), for (a) 3G1-3S and (b) 4G1-3S in degassed 2-MeTHF. 
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Figure 3.5 Transient absorption kinetic traces (symbols and colored traces), along with 
fits using the model described in the main manuscript (solid grey lines), as a function of probe 
wavelength, for 3G1-1S in degassed 2-MeTHF. (a) Full spectral range (420–785 nm in 5 nm 
steps), (b) 420–770 nm in 25 nm steps, (c) 425–775 nm in 25 nm steps, (d) 430–780 nm in 25 nm 
steps, (e) 435–785 nm in 25 nm steps, and (f) 440–765 nm in 25 nm steps. 
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. 
  
 
  
Figure 3.6  Transient absorption kinetic traces (symbols and colored traces), along with 
fits using the model described in the main manuscript (solid grey lines), as a function of 
probewavelength, for 3G1-2S in degassed 2-MeTHF. (a) Full spectral range (420–785 nm in 5 
nm steps), (b) 415–765 nm in 25 nm steps, (c) 420–770 nm in 25 nm steps, (d) 425–775 nm in25 
nm steps, (e) 430–780 nm in 25 nm steps, and (f) nm in 25 nm steps. 
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 Figure 3.7 Transient absorption kinetic traces (symbols and colored traces), along with 
fits using the model described in the main manuscript (solid grey lines), as a function of probe 
wavelength, for 3G1-3S in degassed 2-MeTHF. (a) Full spectral range (420–790 nm in 5 nm 
steps), (b) 420–770 nm in 25 nm steps, (c) 425–775 nm in 25 nm steps, (d) 430–780 nm in 25 nm 
steps, (e) 435–785 nm in 25 nm steps, and (f) 440–790 nm in 25 nm steps. 
78 
 
 
 
 
 
 
 
Figure 3.8 Transient absorption kinetic traces (symbols and colored traces), along with 
fits using the model described in the main manuscript (solid grey lines), as a function of probe 
wavelength, for 4G1-1S in degassed 2-MeTHF. (a) Full spectral range (425–785 nm in 5 nm 
steps), (b) 425–775 nm in 25 nm steps, (c) 430–780 nm in 25 nm steps, (d) 435–785 nm in 25 nm 
steps, (e) 440–765 nm in 25 nm steps, and (f) 445–770 nm in 25 nm steps. 
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Figure 3.9 Transient absorption kinetic traces (symbols and colored traces), along with 
fits using the model described in the main manuscript (solid grey lines), as a function of probe 
wavelength, for 4G1-2S in degassed 2-MeTHF. (a) Full spectral range (415–785 nm in 5 nm 
steps), (b) 415–765 nm in 25 nm steps, (c) 420–770 nm in 25 nm steps, (d) 425–775 nm in 25 nm 
steps, (e) 430–780 nm in 25 nm steps, and (f) 435–785 nm in 25 nm steps. 
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Figure 3.10 Transient absorption kinetic traces (symbols and colored traces), along with 
fits using the model described in the main manuscript (solid grey lines), as a function of probe 
wavelength, for 4G1-3S in degassed 2-MeTHF. (a) Full spectral range (405–785 nm in 5 nm 
steps), (b) 405–780 nm in 25 nm steps, (c) 410–785 nm in 25 nm steps, (d) 415–765 nm in 25 nm 
steps, (e) 420–770 nm in 25 nm steps, and (f) 425–775 nm in 25 nm steps. 
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redistribution processes of 1250−2000 ns−1 and  250 ns−1, which were assigned to vibrational 
and torsional relaxation respectively.
37-40
   
A more recent study of branched, all-thiophene dendrimers also observed a fast process 
(described by a rate constant on the order of 3333−5000 ns−1), which was attributed to ultrafast 
energy transfer from the initially populated excited state to the lowest energy (longest 
conjugation length) oligothiophene segments.
11
  The same study by Ramakrishna et al found that 
the torsional energy redistribution process, which was dependent on the dendrimer generation 
(number of branching points), was described by a rate constant on the order of 80−400 ns−1.11  
Even though it was necessary to include the two cooling processes, denoted by kc1 and kc2, to 
describe the sub-10 ps kinetics in our data, the number of points in the data on this timescale was 
insufficient to allow kc1 and kc2 to be used as completely-free, variable parameters in the global 
fitting process.  As a result constraints were placed on these parameters to restrict the values to 
greater than 1000 ns
−1
 and 65 ns
−1
, for kc1 and kc2, respectively.  The nature of the measurements 
carried out in this work preclude us from distinguishing between fast vibrational relaxation or an 
ultrafast energy transfer process.  However, the reduced branching in the 3- and 4-arm 
dendrimers used in this study, in comparison to the all-thiophene dendrimers studied by 
Ramakrishna et al,
11
 suggests that the molecules already adopt a more planar structure, reducing 
the opportunity for energy transfer.  In addition, the more symmetrical structures of the 3G1-nS 
and 4G1-nS dendrimers imply that there is a smaller distribution of chromophore energies, 
leading to only a minor role for energy transfer.  These postulations intimate that vibrational and 
torsional energy redistribution are the more likely causes of the observed bathochromic shift of 
the stimulated emission component. 
82 
 
 
  
Figure 3.11 Representative spectral contributions, extracted using the model described 
in the text, for the species described in Scheme 3.1, for (a) 3G1-3S and (b) 4G1-3S in degassed 
2-MeTHF 
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3.5. Conclusions 
Our results indicate that the wavelength-dependent transient absorption dynamics of first  
generation dendrimers, with three oligothiophene arms (meta-arranged, 3G1-nS) and four arms 
(ortho- and para-arranged, 4G1-nS) connected to a central phenyl core, can be described by a 
simple kinetic scheme  including two cooling processes that convert the initially generated, hot 
exciton into the geometrically relaxed, cold exciton.  Subsequent relaxation of the cold exciton, 
via radiative decay or internal conversion to yield the ground state, or intersystem crossing to 
produce the triplet excited state, then occurs.  Our data are not sufficient to elucidate the precise 
mechanism of the cooling processes, but we attribute them to either sequential vibrational and 
torsional energy redistribution, or to ultrafast energy transfer followed by torsional energy 
redistribution.  We observe a decrease in the intersystem crossing rate and nonradiative triplet 
decay time with increasing number of thiophene units n, which is consistent with prior studies of 
the excited-state processes in oligothiophenes.  We also measure a distinct decrease in the triplet 
yield for the 4G1-nS dendrimers with arm length, once again consistent with previous 
observations for linear oligothiophenes, while the observation of an apparent trend for the triplet 
yield for the 3G1-nS series must be tempered by the magnitude of the error associated with the 
calculated values.  In contrast, however, our measurements reveal a relatively fast internal 
conversion process (> 0.6 ns
−1
) in both dendrimer series, possibly due to increased twisting about 
the phenyl core that reduces the triplet yields considerably with respect to oligothiophenes.  Even 
though the T1→TN spectrum is observed to red-shift, as expected, with increasing number of 
thiophene units n, in the 3G1-nS dendrimers an anomalous blue-shift characterizes the triplet-
triplet absorption in the 4G1-nS dendrimers.  We attribute this observation to the hindrance of 
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torsional motion and confinement of excited states enforced by the more crowded arrangement 
of dendrons in the 4-arm compounds. 
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CHAPTER 4 DENDRIMER FILMS 
  
 Knowledge of the photodynamics of the dendrimers in solution (Chapter 3) provides a 
building block toward understanding the evolution and the interaction of the energetic states in a 
solar cell made from these materials.  Previous studies explored the kinetics of singlet and triplet 
states in dendrimer solutions.
1
 This work investigates the kinetics of these dendrimers in films, 
i.e., in the state applicable to photovoltaic devices.  The triplet in thin film samples is strongly 
quenched by oxygen, which necessitates the use of inert environments. One of the sample 
dendrimer films in an inert environment showed a triplet decay of about 3 times faster than in 
solution (microsecond time scale).   This result still needs to be reproduced with other 
dendrimers.    
4.1.  Introduction 
 Thiophene-based materials have shown promise in organic light-emitting diodes (OLED) 
and organic photovoltaic (OPV) applications.   While thiophene-based polymers and small 
molecules have been studied in the past, dendrimers combine characteristics of both.   
Dendrimers are defined molecules and can be processed easily from common organic solvents.
2,3
  
However, conjugated dendrimers have not been able to match the performance of conjugated 
polymers as active components in organic photovoltaic devices.
4-7
  Previous work has 
incorporated first-generation, unsubstituted thiophene-based dendrimer thin films into devices.
4
  
Additional studies included chemical modifications such as the addition of an electron-
withdrawing or an electron-accepting group to the thiophene-based dendrimers, resulting in a 
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change in the photophysics.
8
  However, the excited-state dynamics in dendrimer films have not 
been fully studied and are not well understood as a result.  
Studies of excited-state processes of the dendrimers in solution yielded a kinetic scheme 
of the singlet and triplet dynamics.
1
  We found that the triplet yield of the four-arm dendrimers 
decreases with increasing arm length, which is consistent with previous studies on the 
dependence of triplet yield on chain length in simple oligothiophenes.
9
   However, the trend of 
the triplet yield with the three-arm dendrimers was not as pronounced.  In both the three- and 
four-arm dendrimers, the triplet decay time decreased with increasing arm length, which again 
matches previous oligothiophene work.
9
   
The solution-state dynamics of the dendrimers serve as a foundation for understanding 
the excited-state dynamics in dendrimers film.  The solid-state measurements add a large degree 
of complexity to the experimental determination of the excited state dynamics in films.  Because 
of experimental design limitations, all dendrimer films must be fabricated with approximately 
the same optical density at the excitation wavelength, even though that wavelength may coincide 
with a different region of the absorbance peak.  Additionally, the scattering from the sample, the 
addition of molecular interactions, and the reproducibility of the film surface combine to make 
solid-state samples more challenging to study experimentally. Lastly, an inert atmosphere was 
required to measure the triplet state, because oxygen quenches triplets highly efficiently in thin-
film samples. 
 This chapter presents measurements of the steady-state absorbance of the thiophene-
based dendrimer films and compares these results to those obtained in solution.   Also included 
are flash photolysis data of the dendrimer films, taken to measure the triplet-state decay rate.  
From these measurements, the yield and decay rate of triplets can be obtained and are compared 
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to that in solution. The present work only provides an initial study of the triplet dynamics in 
films of dendrimers; further study will be needed to fully elucidate the reasons behind the 
changes in lifetime and yield. 
4.2.  Experimental Methods 
 Films were made of six thiophene-based dendrimers, 3G1-1S, 3G1-2S, 3G1-3S, 4G1-1S, 
4G1-2S, 4G1-3S, through solution processing techniques in an inert atmosphere.  The synthesis 
of the dendrimers by Ben Rupert and Scott Hammond was described previously.
10
   
The dendrimer film-making procedure was adapted from previous work.
4
  Thin films 
were deposited onto either quartz or glass substrates via spin casting or drop casting. For ease of 
comparison of the flash photolysis data, all of the film optical densities were about equal, with an 
O.D. of 0.3 at 355 nm, the excitation wavelength.  Three samples(3G1-3S, 4G1-1S, and 4G1-3S) 
were spin cast from a 1-mg/mL solvent mixture of 80% toluene and 20% chlorobenzene by 
volume. Two different spin casting methods were used, depending on the sample.  The first 
method was to spin the samples at 1000 rpm with a ramp of 500 rpm/s.  This method was used 
for both 3G1-3S and 4G1-3S.  However, while this method was successful for these two 
dendrimers, it did not produce a film with high enough optical density for 4G1-1S, so a slower 
spin rate (600 rpm with a 300 rpm/s ramp) was used to obtain the desired optical density for 
4G1-1S.  Spin cast films of the remaining three dendrimers did not yield a high enough optical 
density, as dictated by the flash photolysis measurements intended for these films. Thus, the 
second technique, a drop cast method, was applied to the 3G1-1S, 3G1-2S, and 4G1-2S samples.  
A solvent mixture of 80% chloroform and 20% toluene by volume allowed the film to dry at an 
opportune rate.   The concentration of the three dendrimers was varied to obtain the (same) 
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desired optical density for the three drop-cast films.  Concentrations of 1.33 mg/mL for 3G1-1S, 
1mg/mL for 3G12S, and 0.8mg/mL for 4G1-2S correspond to a film O.D. of 0.3 at 355 nm. 
Spectroscopic techniques, including steady-state absorption and flash photolysis, were 
performed on the dendrimer films.  Steady-state absorption was measured with a Shimadzu 3000 
UV-Vis spectrometer.  The nanosecond time-resolved spectroscopic measurements (flash 
photolysis) were performed with an Edinburgh Instruments LP920 flash photolysis system.  
Pulsed excitation (10 Hz) at 355 nm was provided by the frequency-tripled output of a Q-
switched Nd:YAG  pump laser (Continuum, Surelite), with an average pulse power of 
approximately 8 mW.   This pump power is higher than in solution measurements and was 
required here to get a good signal to noise ratio.  The photoinduced change in transmission was 
probed using a pulsed xenon arc lamp at a frequency of 10 Hz.  The films were placed in the 
spectrometer with the dendrimers first in the beam path for consistent spatial alignment of the 
pump and probe.   
4.3. Results and Discussion 
4.3.1. Steady-state absorbance  
The absorbance resonances observed in the films are broader than those seen in the 
solution phase (Figure 4.1), but the locations of the peaks follow the same trend: increasing peak 
wavelength with increasing thiophene chain length (Figure 4.1).  There is a pronounced red-
shifted shoulder in the 3G1-3S film, which was not seen in the dendrimer solution absorption 
measurements. This feature was also present in the solution, steady-state photoluminescence of 
3G1-1S. There is not necessarily a correlation between these two measurements that show this 
red-shifted shoulder however.   
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Table 4.1 Steady state absorption of dendrimers in solution and film.  The absorption 
peak red shifts with increasing arm length in both the dendrimer solutions and films.  
 3G1-1S 3G1-2S 3G1-3S 4G1-1S 4G1-2S 4G-13S 
Peak absorption, 
solution (nm) 
400 425 445 400 426 444 
Peak absorption, 
film (nm) 
405 425 470 385 430 455 
 
4.3.2. Flash Photolysis  
The flash photolysis data of the dendrimer films exposed to air have no decay within the 
time-resolution limitations of the flash photolysis instrument of a few tens of nanoseconds. In 
this case, the triplet is likely highly efficiently quenched by the oxygen in the air, creating a 
decay pathway for the triplet.
11,12
  The triplet is present in a 4G1-3S film encased in an inert 
atmosphere that has no oxygen for triplet quenching (Figure 4.2).  The lifetime of the triplet was 
found from a bi-exponential fit in IgorPro (Wavemetrics).  The slow exponential decay time 
corresponds to the triplet, and the fast decay time is used to account for the unresolved 
instrument response.   
The lifetime of the triplet in the 4G1-3S film is 7.4 s, which is about one third of the 
triplet lifetime of 4G1-3S in solution.  Films of the other dendrimers also show decreased 
lifetimes with respect to those in the corresponding solutions, but the noisy data prevent the 
extraction of decay rates with a high degree of confidence.  Therefore the decay rates of the film 
are not discussed further than qualitatively reporting they are faster than decays in solution. The 
decrease in the triplet lifetime could be due to molecular interactions that could provide a  
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Figure 4.1 (a) Absorption spectra of 3-arm dendrimers in solution, and (b) absorption 
spectra of 4-arm dendrimers in solution.  (c) Absorption spectra of 3-arm dendrimer films and 
(d) absorption spectra of 4-arm dendrimer films. 3G1-1S and 4G1-1S are the red traces; 3G1-2S 
and 4G1-2S are green; and 3G1-3S and 4G1-3S are blue.  The peak of the absorption shifts to 
the red as the arm length increases. This trend is consistent in all of the absorption spectra 
shown.   
 
 
(a) (b) 
(c) (d) 
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Figure 4.2 A high signal to noise representative spectrum of flash photolysis transient, 
4G1-3S in an inert atmosphere with a triplet decay of 7.4 microseconds.  This data was obtained 
at 500 nm emission wavelength, using the average of 10 flashes.  The observed decay is about 
one third of the corresponding decay in solution.    
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competing pathway back to the ground state.  Also, the film could allow for diffusion of triplet 
excitons to defects or to other triplets, leading to quenching of triplets by radiationless decay or 
triplet-triplet annihilation.
13
   
Another difference observed in the flash photolysis data between the dendrimers in film 
and solution is the energetic location of the triplet.  In the 4G1-3S film, the peak of the triplet is 
located at 500 nm, in the solution the triplet peak is blue-shifted to 680 nm.  This shift can be 
explained from a solvatochromic shift because of the different polarity of the films vs. the 
solutions.   
4.4. Conclusions 
The peak of the steady-state absorbance of both the three- and four-arm dendrimer films 
follow a trend of increasing wavelength with increasing arm length, which is consistent with 
measurements of dendrimers in solution
1
 as well with previous studies some on these dendrimers 
in film
4
.  The triplet was found to be quenched by the oxygen in the air.  In an inert environment, 
the triplet decay of 4G1-3S was 7.4 s, which about one third of the triplet decay in solution. 
This shorter triplet lifetime in the film could be due to intermolecular interaction and 
recombination at defects in the crystal.  Future Work 
The next step in this project would be to collect a full set of dendrimer film flash 
photolysis data for multiple investigations of excited-state dynamics.  From this data, one could 
study the trends between the changes in morphology and the triplet dynamics.  Also, the triplet 
quantum yields of the films will be interesting to compare to the solution state, to see if they 
follow the same trends.  Finally, an interesting study will be to determine the temperature 
dependence of the triplet decay to elucidate the mechanism of triplet annihilation.  
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The solid state films continue the study started in solution.  The final step in this study of 
light interactions with dendrimers would be sensitizing the films with fullerene-based molecules 
and continuing to characterize the energetic states.  The sensitizing molecules could also be 
changed to see their effect on the system, beyond the fullerenes to other electron acceptors such 
as single-walled carbon nanotubes.    
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